The Construction and Deconstruction of Signaling Systems that Regulate Mitotic Spindle Positioning by Lu, Michelle
 
 
 
 
 
THE CONSTRUCTION AND DECONSTRUCTION OF SIGNALING SYSTEMS 
THAT REGULATE MITOTIC SPINDLE POSITIONING 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
by 
 
MICHELLE SEIKO LU 
 
 
 
 
 
 
 
 
 
 
 
 
 
A DISSERTATION 
 
Presented to the Department of Biology 
and the Graduate School of the University of Oregon 
in partial fulfillment of the requirements 
for the degree of 
Doctor of Philosophy  
 
December 2012 
 ii 
 
DISSERTATION APPROVAL PAGE 
 
Student: Michelle Seiko Lu 
 
Title: The Construction and Deconstruction of Signaling Systems that Regulate Mitotic 
Spindle Positioning 
 
This dissertation has been accepted and approved in partial fulfillment of the 
requirements for the Doctor of Philosophy degree in the Department of Biology by: 
 
Bruce Bowerman Chairperson 
Ken Prehoda Advisor 
Karen Guillemin Member 
Tom Stevens Member 
Raghuveer Parthasarathy Outside Member 
 
and 
 
Kimberly Andrews Espy Vice President for Research and Innovation 
 Dean of the Graduate School  
 
Original approval signatures are on file with the University of Oregon Graduate School. 
 
Degree awarded December, 2012 
 iii 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© 2012 Michelle Seiko Lu  
  
 iv 
 
DISSERTATION ABSTRACT 
 
Michelle Seiko Lu 
 
Doctor of Philosophy 
 
Department of Biology 
 
December 2012 
 
Title: The Construction and Deconstruction of Signaling Systems that Regulate Mitotic 
Spindle Positioning 
 
 
 Signaling systems regulate the flow of cellular information by organizing proteins 
in space and time to coordinate a variety of cellular activities that are critical for the 
proper development, function, and maintenance of cells.  Signaling molecules can exhibit 
several levels of complexity through the utilization of modular protein interactions, which 
can generate simple linear behaviors or complex behaviors such as ultrasensitivity.  
Protein modularity also serves as the basis for the vast protein networks that form the 
regulatory networks that govern several biological activities.  My work focuses on the 
importance of protein modularity in complex biological systems, in particular the 
regulatory pathways of spindle positioning.   
 The first part of my work involves the construction of a synthetic regulatory 
network using modular protein interactions in an effort to understand the complex 
behavior of the natural spindle orientation regulator Pins.  Utilizing well-characterized 
protein domains and their binding partners, I built an autoinhibited protein switch that can 
be activated by a small protein domain.  We found that the input-output relationship of 
the synthetic protein switch could be tuned by the simple addition of "decoy" domains, 
domains that bind and sequester input signal, thereby impeding the onset of the output 
 v 
 
response to generate an input threshold.  By varying the number and affinities of the 
decoy domains, we found that we could transform a simple linear response into a 
complex, ultrasensitive one.  Thus, modular protein interactions can serve as a source of 
complex behaviors. 
 The second part of my work focuses on elucidating the molecular mechanisms 
underlying spindle positioning in the Drosophila neuroblast.  I found that Pins orients the 
mitotic spindle by coordinating two opposite-polarity microtubule motors Dynein and 
Kinesin-73 through its multiple domains.  Kinesin-73 also relies on its modular domain 
architecture to perform its duties in Pins-mediated spindle positioning, where its N-
terminal half functions in coordinating cortical-microtubule capture while its C-terminal 
half functions as a region necessary for the activation of Dynein.  Thus, modular protein 
design allows for the organization of spindle orientation regulators in space to achieve the 
complex biological activity that is spindle positioning. 
 This dissertation includes previously published and unpublished coauthored 
material. 
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CHAPTER I 
INTRODUCTION 
 
MODULAR SIGNALING SYSTEMS REGULATE THE FLOW OF CELLULAR 
INFORMATION 
 The spatial and temporal organization of molecules within a cell is critical for 
cellular development, function, and maintenance.  Cells regulate various intracellular 
activities by controlling the flow of cellular information using signal transduction 
pathways to organize proteins in space and time.  Of the estimated 1 billion proteins 
within a mammalian cell, 10% of these participate in signal transduction (Milo et al., 
2010) —how do these signaling systems accurately receive and process cellular 
information to produce meaningful biological activities? 
 Molecular signaling networks often utilize protein modularity to achieve input-
output specificity.  Modular protein architecture is a common theme among scaffolding 
proteins that form the molecular backbone of intracellular signaling pathways.  A-kinase 
anchoring proteins (AKAPs) provide the framework for the coordination of kinases and 
phosphatases with their appropriate substrates.  All AKAPs harbor a short peptide motif 
that binds to the regulatory domain of Protein Kinase A (PKA), however, individual 
AKAPs contain a variety of domains that interact with different PKA substrates (Scott 
and Pawson, 2009).  Through the mixing and matching of modular protein domains, these 
molecular scaffolds dictate input-output specificity.  Modular signaling proteins can thus 
serve as molecular platforms for the assembly of diverse linear signaling pathways. 
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 Though signaling networks often implement protein modularity to organize the 
assembly of simple pathways, they also utilize modular protein architecture as the 
foundation for complex signaling responses.  The MAPK yeast mating pathway relies on 
the scaffold protein Ste5 to propagate a pheromone input signal through a three-tier 
kinase cascade (Choi et al., 1994; Printen and Sprague, 1994; Therrien et al., 1996).  
Ste5’s modular protein interaction domains mediate the assembly of the kinases, which 
can generate an ultrasensitive response (which will be discussed below) to the linear 
input gradient (Takahashi and Pryciak, 2008).  Protein modularity can thus serve as the 
molecular basis for complex input-output behaviors. 
 Modular protein domains serve as basic biological components whose 
combinatorial assemblies form the diverse molecular backbones of natural signaling 
pathways.  Because of their standardized nature, they have also served as building blocks 
for the design and construction of synthetic signaling molecules.  The following two 
sections discuss how natural signaling networks have evolved complex behaviors through 
the simple recombination of modular protein domains, and how this design principle can 
be implemented to construct synthetic systems that recreate complex signaling behaviors. 
 
SIGNALING SYSTEMS UTILIZE PROTEIN MODULARITY TO TUNE INPUT-
OUTPUT RELATIONSHIPS  
 The manner in which signaling networks translate input gradients can vary from 
simple linear input-output relationships, to more elaborate oscillatory or sigmoidal 
behaviors.  Ultrasensitive systems transform linear input gradients into sigmoidal outputs, 
characterized by an input threshold followed by a sharp response (Ferrell, 1996; 
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Koshland et al., 1982; Tyson et al., 2003).  Though Koshland and Goldbeter proposed the 
term “ultrasensitivity” decades ago to describe any system that exhibits sigmoidal input-
output relationship (Koshland et al., 1982), the molecular origins underlying 
ultrasensitivity are still poorly understood and remain an active area of study. 
 Studies of biological systems that exhibit all-or-none behavior, such Xenopus 
oocyte maturation (Ferrell, 1999b; Ferrell and Machleder, 1998), cell cycle regulation 
(Pomerening et al., 2003), and oxygen-binding to hemoglobin (Koshland et al., 1966), 
have identified complex regulatory mechanisms as some of the souces of ultrasensitivity.  
While cooperativity and feedback loops can generate ultrasensitive responses, simple 
protein-protein interactions can also serve as a source of ultrasensitivity.  The spindle-
positioning regulator Partner of Inscuteable (Pins) utilizes binary protein-interactions to 
behave as a molecular switch with spindle-orienting activity (Smith and Prehoda, 2011). 
 Pins is an autoinhibited modular protein whose activation by the small Gai protein 
leads to the recruitment of its downstream spindle-positioning effector protein Mushroom 
Body Defect (Mud).  Pins is composed of a tetratricopeptide (TPR) domain that directly 
binds Mud, a small linker region, and three Goloco motifs that directly associate with Gai 
molecules.  In the absence of Gai, Pins exists in an autoinhibited state, unable to associate 
with Mud, but addition of a linear gradient of Gai can lead to the sigmoidal activation of 
Pins (Nipper et al., 2007; Smith and Prehoda, 2011) (Figure 1).  Given that this complex 
behavior can be observed using purified protein components in vitro, how is it that Pins 
generates an ultrasensitive response using simple binary protein interactions?   
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Figure 1.  The “decoy” mechanism of a source of ultrasensitivity in Pins 
Ultrasensitive input-output relationships can be characterized by a sigmoidal shape with 
an input threshold, unlike linear or graded responses.  Goloco domains 1 and 2 of Pins act 
as “decoys,” to generate an input (Gai) threshold, while Goloco domain 3 is coupled to 
Pins activation (Mud binding).  Adapted from (Smith and Prehoda, 2011). 
  
 Cooperativity is commonly thought to be the source of ultrasensitivity in protein-
protein interaction networks (Dueber et al., 2007), but the recent work by Smith and 
Prehoda identified that a novel “decoy” mechanism generates the sigmoidal behavior 
seen with Pins.  Through the systematic dissection of Pins’s modular protein architecture, 
Smith determined that the three Goloco motifs of Pins confer ultrasensitivity.  While Gai 
binding to Goloco motif 3 is coupled to the activation of Pins by relieving autoinhibition, 
the other two Goloco motifs serve as molecular decoys, sequestering Gai signal, thereby 
creating an input threshold.  Smith demonstrates that the input threshold of Pins activity 
is critical for the proper in vivo function of Pins as a spindle orientation regulator, as 
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directed mutations to the Goloco domains of this regulator results in the abnormal 
development of the fly brain. 
 Pins is an example of a natural ultrasensitive signaling molecule whose complex 
behavior has evolved through the recombination of modular protein domains and motifs.  
Decoy-based ultrasensitivity is a novel source of sigmoidal input-output behavior—does 
this design principle hold true for other systems?  Because Pins is the only system 
identified so far that utilizes the “decoy” mechanism to generate ultrasensitivity, it is not 
possible to determine if this mechanism is a general source of ultrasensitivity in natural 
systems.  The next section details the implementation of natural design principles to 
construct synthetic systems that validate these concepts. 
 
UNDERSTANDING COMPLEX BEHAVIORS USING A SYNTHETIC 
APPROACH 
 The dissections of signaling molecules such as Ste5 and Pins have illuminated the 
importance of modularity in complex signaling systems.  Studies relying on the genetic 
and biochemical perturbations of these systems have advanced our understanding of how 
natural signaling networks have evolved complexity.  These classical approaches have 
also led to the identification and cloning of modular genes and proteins, which have been 
deposited into an inventory of standard biological parts.  While the process of compiling 
these components has deepened our knowledge of the molecular origins of complex 
signaling behaviors, our understanding remains restricted to a single perspective. 
 Synthetic biologists implement nature’s design principles to engineer novel 
synthetic signaling molecules and pathways in an effort to further understand biological 
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complexity.  Well-characterized modular protein domains and genetic elements serve as 
the basic building blocks for the design and construction of synthetic regulatory systems, 
such as the engineered bistable genetic toggle switch in E. coli (Gardner et al., 2000).  
This genetic circuit was designed as a two-repressor system in which each repressor 
inhibited the expression of the other to produce two mutually exclusive persistently stable 
states, i.e. bistability.  This and other synthetic genetic circuits have provided insight into 
complex behaviors such as cellular “memory” (Elowitz and Leibler, 2000) and even on 
larger scales such as the organization of microbial communities (Tabor et al., 2009). 
 Though synthetic biology typically involves the construction and modification of 
genetic regulatory systems, the discipline is expanding to allow for the exploration of 
molecular mechanisms at the protein level.  The large inventory of standardized 
biological components has afforded the design and construction of a synthetic signaling 
protein whose input-output control can be tuned by varying its composition of modular 
protein domains.  Dueber et al. designed an autoinhibited ultrasensitive molecular 
“switch” composed of SH3 domains and SH3 domain ligands.  They found that the 
number and affinities of the modular autoinhibitory interactions can tune input-output 
relationships, and successfully designed several switches exhibiting a range of activation 
profiles, from linear to sigmoidal with varying degrees of ultrasensitivity (Dueber et al., 
2007).  This study demonstrates how complex signaling behaviors can be synthesized the 
mixing and matching of modular protein interactions. 
 Efforts to reconstitute complex signaling behaviors using a design-based approach 
have furthered our understanding of the evolution of biological complexity.  However, 
this approach is simply complementary to traditional deconstructive genetic and 
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biochemical methods, which remain the most powerful means for the identification of 
new biological processes, their constituents, and their regulation.  The next section 
describes a fascinating biological activity that serves as a model system for understanding 
cellular signaling systems. 
 
SPINDLE POSITIONING IS A COMPLEX BIOLOGICAL PROCESS THAT 
INVOLVES SEVERAL MODULAR PROTEINS 
 One complex biological system that seems to provide a never-ending list of 
biological components is the regulatory pathways that govern spindle-positioning in 
animals.  The regulation of spindle positioning is critical for many biological processes 
that require precisely oriented cell divisions such as cellular differentiation and 
organogenesis (Toyoshima and Nishida, 2007).  The ability to bias the orientations of cell 
divisions is conserved from yeast to mammals, and the spindle-positioning pathways of 
metazoans are generally conserved (Siller and Doe, 2009) (Figure 2).  Though there are 
several systems with which to study spindle-positioning in animals, I will focus on the 
Drosophila neuroblast, the neural progenitor cells of the developing fly central nervous 
system. 
Neuroblasts are asymmetrically dividing cells that undergo a stereotyped progression of 
cellular events to produce two daughter cells of unique size and molecular identities.  
Neuroblasts polarize along an apical-basal axis then divide in a stem-cell like manner to 
produce a self-renewing neuroblast and a smaller ganglion mother cell (GMC), which 
will later divide once more to populate the glia and neurons of the adult brain (Doe, 
2008).  In order to ensure the faithful segregation of the molecular fate determinants to 
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the GMC, the neuroblast must tightly couple spindle alignment to the polarity axis.  
Disruptions in this coupling can lead to an overproliferation of neuroblasts, producing 
tumor-like masses in the brain (Gonzalez, 2007; Lee et al., 2006b). 
 
  
Figure 2.  Spindle positioning regulates oriented cell divisions during metazoan 
development 
 
Spindle orientation regulates the asymmetric divisions in C. elegans early embryonic 
development and in the Drosophila neural stem cell progenitor.  In developing mouse 
skin, orienting cell divisions in the can result in either the expansion or differentiation of 
the epithelial layer. 
  
 Decades of research have led to the genetic identification of three core protein 
complexes that function to ensure the proper asymmetric division of the neuroblast.  The 
apical “polarity complex” includes the evolutionarily conserved Par-complex, consisting 
of Partition Defective-3 (Par-3), Partition Defective-6 (Par-6), and Atypical Protein 
Kinase C (aPKC), whose roles are to establish initial polarity at the apical domain of the 
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cell (Petronczki and Knoblich, 2001; Wodarz et al., 1999).  The apical polarity complex 
regulates the polarization of the basal “differentiation complex,” which consists of 
Miranda (Mir), Prospero (Pros), Brain Tumor (Brat), and Numb, whose inheritance by 
the GMC induces neuronal differentiation (Betschinger et al., 2006; Lee et al., 2006a; 
Lee et al., 2006c).  Finally, the “spindle orientation complex,” also found at the apical 
cortex, includes Inscuteable (Insc), Partner of Inscuteable (Pins), Gai, and Mushroom 
Body Defect (Mud) (Schaefer et al., 2000; Schober et al., 1999; Siller et al., 2006; Yu et 
al., 2000).  As its name suggests, this complex regulates the orientation of the mitotic 
spindle to the polarity axis, and disruption of this complex can lead to the complete 
uncoupling of the spindle and polarity axis, as seen in Mud mutants whose neuroblasts 
can divide symmetrically (Siller et al., 2006).   
 The coordination of all three complexes is necessary for the proper asymmetric 
division of the Drosophila neuroblast.  The spindle orientation complex aligns the spindle 
to the polarity axis by mediating the communication between astral microtubules and the 
cortex.  Though through forward genetic approaches we have constructed elaborate 
molecular models for spindle orientation in this system, the molecular mechanisms 
underlying spindle positioning are not fully understood.  The following section describes 
a method developed to understand the molecular mechanisms employed by spindle 
orientation regulators with a focus on a central member of the spindle orientation 
complex, Pins.  
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PINS MEDIATES SPINDLE POSITIONING THROUGH TWO PATHWAYS 
THAT TERMINATE IN MICROTUBULE MOTOR PROTEINS 
 Molecular models of spindle orientation place Pins as a key cortical signaling hub 
that mediates the communication between the apical polarity complex and the mitotic 
spindle. Pins is known to genetically and biochemically interact with several polarity, 
spindle orientation, and cell cycle regulators including Inscuteable (Insc), Gai, Mushroom 
Body Defect (Mud), Discs Large (Dlg), Kinesin-73 (Khc73), Canoe (Cno), AuroraA 
(AurA), and atypical Protein Kinase C (aPKC) (Hao et al., 2010; Johnston et al., 2009; 
Schaefer et al., 2000; Siegrist and Doe, 2005; Siller et al., 2006; Wee et al., 2011) (Figure 
3).   
 
Figure 3.  Molecular model of the polarity and spindle orientation complexes and found 
at the apical cortex of the Drosophila neuroblast 
 
The polarity complex (red) establish polarity.  Pins is a central member of the spindle 
orientation complex (green) which coordinates with a number of components (gray) to 
position the spindle.  
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With all of these interactions emanating from Pins, how does this busy protein coordinate 
with all of these components to successfully orient the mitotic spindle in the Drosophila 
neuroblast? 
 Though the neuroblast has served as a powerful system for the genetic 
identification of components necessary for spindle positioning, it provides little means to 
explore the sufficiency of spindle orientation regulators.  To fully understand how spindle 
orientation regulators function, Johnston et al. developed a method to construct polarity 
in a tractable, cell-culture system called the “‘induced cell polarity’ S2 cell system” 
(Johnston et al., 2009).  This system utilizes the cell-adhesion molecule Echinoid protein 
(Ed), whose extracellular immunoglobulin domains participate in homophilic interactions 
(Rawlins et al., 2003).  Transfection-induced expression of Ed in the Schneider 2 cell line 
(S2 cells) (Schneider, 1972) can induce intercellular adhesion of S2 cells, resulting in the 
reorganization of cortical Ed into discrete crescents at points of cell-cell contact (Figure 
4).  Any protein of interest can be fused to the c-terminal cytoplasmic domain of Ed 
making it possible to impart polarity on an otherwise unpolarized cell.  
 Using the induced cell polarity system, Johnston et al. (Johnston et al., 2009) 
determined that polarized Pins is sufficient to orient the mitotic spindle.  Pins in its 
entirety (PinsFL) is only capable of robustly positioning the spindle when co-transfected 
with Gai, as it exists in an autoinhibited state in the absence of Gai.  After establishing 
that Pins possesses robust spindle positioning activity, Johnston systematically dissected 
Pins to discover that it orients the spindle through two pathways that originate from its 
TPR domain (PinsTPR) and small linker region (Pinslinker).  
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Figure 4. Induced cell polarity system in S2 cells 
 
Cortical Echinoid reorganizes into discrete crescent at the point of intercellular contact.  
The C-terminal domain of Echinoid can be replaced with any proteins of interest to 
determine spindle orientation sufficiency. 
 
When each domain was tested for sufficiency, Pinslinker was capable of positioning the 
spindle, although to a lower degree than PinsFL + Gai, and PinsTPR was devoid of activity.  
Interestingly, the two domains in cis (PinsTPR+linker) robustly orients the spindle to achieve 
activity that is much greater than the sum of its components (Figure 5). 
 A surprising outcome of this study was that PinsTPR cannot orient the spindle, 
despite its well-characterized direct interaction with Mud (Nipper et al., 2007; Siller et 
al., 2006), a critical spindle orientation regulator that can be seen decorating spindle 
microtubules in the neuroblast and has been reported to interact with the Dynein complex 
(Wang et al., 2011).  An even more surprising outcome was that the short linker region of 
Pins, which was previously not known to have any function, possessed spindle-
positioning activity.  An epistatic analysis mapped out two separate pathways originating 
from the domains, the PinsTPR/Mud/Dynein pathway and the Pinslinker/Dlg/Khc73 
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pathway.  Interestingly, though both pathways terminate in microtubule motor proteins, 
only the Pinslinker pathway has activity. 
 
 
Figure 5.  Pins orients the mitotic spindle in S2 cells through the synergistic action of 
two pathways 
 
The PinsTPR pathway does not have spindle orientation activity, whereas Pinslinker pathway 
is sufficient for moderate spindle orientation activity.  These pathways synergize to 
robustly orient the spindle. 
 
 The two terminal microtubule motor proteins undoubtedly play critical roles in 
Pins-mediated spindle positioning.  How does Pins coordinate the functions of the two 
microtubule motor proteins Dynein and Khc73?  What are the functions of microtubule 
motor proteins in spindle positioning and other cellular functions?  The following section 
describes the architecture, function, and possible crosstalk of microtubule motor proteins. 
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MICROTUBULE MOTOR PROTEINS DRIVE KEY CELLULAR PROCESSES 
 Molecular motors power the transport of a variety of intracellular cargoes to drive 
key cellular biological activities such as organelle transport, nuclear envelope breakdown, 
and cell division (Vale, 2003).  Motor proteins are dynamic, processive molecular 
machines that use ATP-derived energy to track along cytoskeletal filaments, usually in a 
unidirectional manner.  One class of cytoskeletal motor proteins include the microtubule-
based motor proteins the kinesin family and the single cytoplasmic Dynein (Hirokawa et 
al., 2009; Kardon and Vale, 2009), which move toward the plus-end and minus-end of 
microtubules, respectively. 
 The Dynein complex is a large multimeric motor protein composed of a heavy 
chain that contains an ATPase motor and an N-terminal tail, and several smaller non-
catalytic subunits (Kardon and Vale, 2009).  As a member of the AAA+ATPase 
superfamily (Neuwald et al., 1999), Dynein’s motor domain is composed of six non-
identical AAA modules that form a ring, from which the microtubule-binding region 
emerges as a small globular domain at the tip of an anti-parallel coiled-coil (Burgess et 
al., 2003; Gee et al., 1997).  Extensive biophysical analysis of Dynein have revealed that 
at least two of its AAA subunits are necessary for motility, and that this motor protein 
moves processively toward the minus ends of microtubules with a stall force of 1-7pN 
(there appears to be no consensus on an exact figure) (Gennerich et al., 2007; Mallik et 
al., 2004; Toba et al., 2006).  Controlling Dynein’s motor activity is critical for several 
subcellular functions, and this regulation stems from its N-terminal tail which acts as a 
scaffold for the assembly of several non-catalytic subunits. 
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 The smaller subunits that round out the Dynein complex include the Dynein 
Intermediate Chain (IC), Dynein Light Intermediate Chain (LIC), Dynein Light Chain 7 
(LC 7, Roadblock in flies), Dynein Light Chain 8 (LC 8, Cut Up in flies), and T-complex 
testis-specific protein 1 (TCTEX1) (Kardon and Vale, 2009).  These subunits regulate 
Dynein activity through the association with several Dynein adapters and cofactors, most 
notably dynactin (Schroer, 2004; Toba et al., 2006) and the complex formed between 
Lissencephaly 1 (Lis1) and Nuclear distribution protein E (NudE) (Sasaki et al., 2000; 
Stehman et al., 2007; Tai et al., 2002).  Lis1 associates with Dynein through a direct 
interaction with AAA1 of dynein heavy chain, and NudE interacts with the dynein 
complex through LC8 (Cut Up) (McKenney et al., 2011; Stehman et al., 2007).  Both of 
these cofactors are required for Dynein activity, and interfering with or depleting these 
cofactors is phenotypically similar to complete loss of dynein function (Hebbar et al., 
2008; Liang et al., 2007; Stehman et al., 2007; Vergnolle and Taylor, 2007). 
 Both Lis1 and NudE are critical for Dynein function, and the molecular 
mechanisms by which they regulate Dynein, as well as their cellular functions, have been 
extensively studied.  Biophysical studies suggest that Lis1 plays a role in direct Dynein 
activation and that NudE is required to keep Dynein in a persistently active state 
(McKenney et al., 2010).  Genetic studies have identified NudE and Lis1 as critical 
components for several cellular functions such as Dynein-mediated nuclear positioning 
(Hebbar et al., 2008) and spindle positioning in the Drosophila neuroblast (Siller and 
Doe, 2008).  These studies highlight the importance of Dynein cofactors for the 
regulation of Dynein-mediated activities. 
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 Dynein performs many cellular duties, but because its motility is mostly confined 
to one direction, it must rely on its opposite polarity counterpart, the kinesins, for 
successful bidirectional transport.  Although the exact mechanism of kinesin-Dynein 
coordination is not fully understood, it is thought that the coordination of bidirectional 
transport is mediated by the Dynein adapters, such as dynactin, which is known to 
interact with Kinesin-2 and Kinesin-5 (Berezuk and Schroer, 2007; Blangy et al., 1997; 
Deacon et al., 2003).  For cargoes that are transported bidirectionally, interference with 
either of the opposite polarity motors disrupts motility in both directions.  Thus, in 
addition to Dynein, kinesins also play a critical role in the bidirectional transport. 
 Kinesins form a large superfamily of ATP-driven plus-end directed (although 
minus-end directed kinesins exist) microtubule motors involved in numerous intracellular 
processes(Vale, 2003).  Mammalian kinesins, of which 45 have been identified in the 
mouse, are classified into 15 families: the N-kinesins, the M-kinesins, and the C-kinesins.  
The uncommon C-kineins contain a C-terminal motor domain and drive minus-end 
directed transport, whereas the even rarer M-kinesin contains a central motor domain and 
depolymerize microtubules.  The conventional N-kinesins all contain N-terminal ATPase 
motor domains and a long coiled-coil or unstructured stalk region of various domain 
architectures.  The diversity of the domain structures of the N-kinesins lends this group of 
plus-end directed movers their capacities to transport a variety of cargoes (Hirokawa et 
al., 2009). 
 One kinesin family noted for its unique domain architecture is the Kinesin-3 
family, which includes the mammalian KIF13B, and its fly homolog Kinesin-73 (Khc73) 
(Hirokawa et al., 2009).  KIF13B/Khc73 are also known as Guanylate Kinase Associated 
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Kinesins (GAKIN) because of their association with Dlg, a membrane-associated 
guanylate-like kinase (MAGUK) (Hanada et al., 2000; Siegrist and Doe, 2005).  In 
addition to the motor domain, GAKIN contains a Forkhead Association domain (FHA), a 
Maguk Binding Stalk (MBS), and a Glycine-rich Cytoskeleton-Associated Protein 
domain (CAP-Gly) (Horiguchi et al., 2006).  While the FHA domain is reported to be 
necessary for mammalian neuronal vesicular transport (Asaba et al., 2003; Horiguchi et 
al., 2006; Yoshimura et al., 2010), the MBS is thought to play a role in spindle 
positioning in the Drosophila neuroblast (Siegrist and Doe, 2005).  Thus, GAKIN’s many 
functions rely on its domain composition, and in chapter III I will discuss the importance 
of Khc73’s domain architecture in its role and function in Pins-mediated spindle 
positioning. 
 
BRIDGE TO CHAPTER II 
 In the preceding chapter, I have described some of the principles that govern 
complex biological activities and the approaches one can take to study these processes.  
The modularity of biological components can be the source of complex behaviors such as 
ultrasensitivity, and also provide the means for forming the molecular architectures of 
complex biological processes.  The genetic and biochemical dissection of natural 
signaling systems has proved to be the most efficient approach at identifying the 
principles underlying biological complexity.  In addition to traditional approaches, 
design-based approaches have provided new perspectives for the exploration of living 
systems.  In the following chapters, I describe a dual approach to understanding the 
molecular mechanisms of spindle positioning regulatory pathways.  I describe the design 
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and construction of a synthetic molecule whose complex input-output behavior can be 
generated from the simple binary protein interactions of modular protein domains.  I also 
describe the role and function of a microtubule motor protein in mitotic spindle 
positioning using a deconstructive approach. 
 This dissertation includes previously published and unpublished coauthored 
material. 
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CHAPTER II 
ULTRASENSITIVE SYNTHETIC PROTEIN REGULATORY NETWORKS 
USING MIXED DECOYS 
 
*This chapter contains previously published co-authored material taken with permission 
from: 
Lu, M.S., Mauser, J.F., and Prehoda, K.E. (2012) Ultrasensitive synthetic protein 
regulatory networks using mixed decoys. ACS Synthetic Biology 1, 65-72. 
Author contributions: M.S.L. and K.E.P designed research; M.S.L. and J.F.M. performed 
research; M.S.L. and K.E.P. wrote the paper. 
 
INTRODUCTION 
 Ultrasensitivity is a common property of cellular signaling systems, yet its 
molecular origins are poorly understood. Koshland and Goldbeter proposed the term 
“ultrasensitivity” to describe any system that exhibits a sigmoidal input-output 
relationship (Ferrell, 1996; Koshland et al., 1982; Tyson et al., 2003)(Figure 6A).  
Sigmoidal activation profiles contain thresholds and steep activation profiles, both of 
which are thought to be important for biological regulatory systems (Goldbeter and 
Koshland, 1981). Thresholds serve to buffer input noise and offset the response to higher 
concentration regimes, while sharp responses lead to large output changes over a narrow 
range of input. These two qualities are necessary for many biological phenomena that 
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exhibit all-or-none behavior including Xenopus oocyte maturation (Ferrell, 1999a; Ferrell 
and Machleder, 1998), cell-cycle regulation (Pomerening et al., 2003), and oxygen-
binding to hemoglobin (Koshland et al., 1966). While ultrasensitive responses are crucial 
for the regulation of cell signaling, the molecular mechanisms responsible for translating 
input gradients into sharp responses are still being uncovered. 
Ultrasensitive responses are generally thought to be a product of complex 
regulatory mechanisms such as feedback loops or cooperativity (Koshland et al., 1982; 
Novak and Tyson, 1993). While cooperative, multistep, and zero-order mechanisms are 
common sources of ultrasensitivity (Ferrell, 1996), simpler mechanisms can also generate 
sigmoidal response profiles. For example, the sequestration of transcriptional activators is 
sufficient to generate the ultrasensitive response of a synthetic genetic network (Buchler 
and Cross, 2009), whose ultrasensitivity is measured by the commonly used Hill 
coefficient (Hill, 1910). Competition effects are not limited to genetic networks, and can 
provide a means of ultrasensitive regulation of enzyme activity. Competition for substrate 
phosphorylation sites by the kinase Cdk1 has been reported as the source for the 
ultrasensitive inactivation of Wee1 (Kim and Ferrell, 2007).  
While it has been shown that basic mechanisms such as protein sequestration and 
substrate competition can generate ultrasensitive profiles, they have been demonstrated in 
systems controlled either transcriptionally or by post-translational modifications.  
Transcription and post-translational modifications are common means of cellular 
regulation, but many cellular decisions rely on rapid simple binary protein interactions 
(Kholodenko, 2006; Mellman and Nelson, 2008; Pawson and Nash, 2003; Staub and 
Rotin, 1997). Binary protein interactions produce graded binding behaviors (hyperbolic, 
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Michaelis-Menten-type) because they are the product of individual binding interfaces 
(Buchler and Louis, 2008).  However, combinations of simple protein interactions can 
produce complex, non-linear behaviors such as ultrasensitivity through a simple 
competition mechanism, much like that seen in the ultrasensitive inactivation of Wee1. 
The MAPK and Wee1 signaling cascades utilize “decoy” phosphorylation sites to 
generate ultrasensitivity.  Decoy phosphorylation sites are recognized by the upstream 
kinase but are not coupled to functional output, instead functioning to buffer the input 
signal to generate an ultrasensitive response.  Much like decoy phosphorylation sites, 
protein interaction domains can also serve as sequestering agents to buffer the input 
signal to generate complex, non-linear responses.  While mathematical modeling supports 
protein-protein interaction decoy-based ultrasensitivity (Buchler and Louis, 2008), the 
only example of a natural protein-protein interaction pathway to utilize the decoy 
mechanism to generate ultrasensitivity is the mitotic spindle orientation protein Partner of 
Inscuteable (Pins) (Smith and Prehoda, 2011).  Pins contains three GoLoco motifs, one of 
which is coupled to activation by the heterotrimeric G-protein α subunit Gαi, while the 
remaining two GoLoco motifs serve as decoy binding sites for the activating Gαi 
molecule. The decoy sites bind and sequester Gαi from the activation site, thresholding 
Pins activation to generate an ultrasensitive profile that can be fit to the Hill equation. 
The relative affinities and the quantity of decoy domains in a system determine the 
degree of thresholding, and in the case of Pins, the affinities of the GoLoco domains for 
Gαi have been appropriately “tuned” to generate an ultrasensitive response.  Thus, simple 
binary protein interactions can be a source of ultrasensitivity. 
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While Pins has supplied valuable insight into the decoy mechanism, it remains the 
only example, natural or otherwise, of a protein-interaction based competition mechanism 
capable of generating ultrasensitivity.  Is it possible to construct a synthetic system to 
thoroughly study the decoy mechanism?  The construction of synthetic systems that 
exhibit complex input/output behaviors using protein modularity has been previously 
reported, where multiple modular domains of an engineered protein were reported to act 
cooperatively to generate ultrasensitive input/output control (Dueber et al., 2007). Here 
we generate an artificial regulatory system using simple protein interaction domains and 
overlapping binding sites to systematically examine how decoy domains contribute to the 
input threshold and ultrasensitivity of a system.  
We use a synthetic regulatory pathway, along with a modeling approach, to 
examine whether ultrasensitivity can be generated in synthetic protein interaction 
networks without cooperativity. We find that the relative affinity of the decoy domains 
determines the overall shape of the activation profile. Although the synthetic decoy-based 
systems can be ultrasensitive with large apparent Hill coefficients, we find that the 
threshold is the most readily manipulated in this type of regulatory system. In contrast, 
the steepness of the input/output relationship is limited to a relatively narrow range in this 
type of pathway. By independently altering these two characteristics, thresholds and 
steepness, we evaluate their relative contribution to the Hill coefficient, which is the most 
commonly used measure of ultrasensitivity. Finally, we examine the effects of decoys in 
our synthetic regulatory pathways in a physiological context using a cell culture assay. 
We find that decoys can threshold biological activities, such as the spindle orientation 
activity of Partner of Inscuetable (Pins) in S2 cells. Together, the in vitro studies, 
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analytical modeling, and in vivo work demonstrate that simple binary protein interactions 
can tune several parameters of a response. 
 
MATERIALS AND METHODS 
 
Protein Construction and Purification 
Protein domains were expressed in the Escherichia Coli BL21(DE3) strain, fused 
to a cleaveable N-terminal 6xHis (pBH4-based vector). The fusion proteins were purified 
on Ni-NTA resin (Qiagen) and further purified by anion exchange FPLC. 
1. SH3 (activator) and PDZ domain. The mouse Crk (Accession: NP_598417.2) 
SH3 domain (residues 134-191) was subcloned from vector A5.5a (gift from J. Dueber, 
UC Berkeley) into the pBH4-based vector. D.melanogaster Par-6 (Accession: 
NP_573238.1) PDZ domain (residues 156-255) was subcloned by PCR into a pBH4-
based vector.  
2. Synthetic Regulatory Systems. The PDZ domain of Par-6 (residues 156-255) 
was subcloned by PCR and modified by using 5’ and 3’ overhanging primers that 
introduced desired restriction sites and ligand sequences. The 3’ primer contains a 
polyproline sequence overlapped with a PDZ-ligand peptide, LPPPALPPKHREMAAD, 
fusing these overlapping ligands to the C-terminus of the PDZ domain. The 5’ primer 
contains sequential BamHI and XhoI restriction sites immediately before the first codon 
of the PDZ domain. Oligonucleotide cassettes encoding various polyproline motifs 
containing a 5’ BamHI overhang and a 3’ XhoI/SalI overhang and were ligated to the 5’ 
end of the PDZ domain. Cassettes were added sequentially in manner if desired. 
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3. Peptide Labeling. The peptides CGYPKHREMAVDSP and 
CGYPKHREMAAD (N-terminally acetylated and C-terminally amidated) were 
synthesized by EZ-Biolabs. Both peptides’ N-terminal cysteines were conjugated to 
tetramethylrhodamine-maleimide (Invitrogen) as instructed by the manufacturer. Labeled 
peptides were further purified by RP-HPLC, characterized by MALDI-ToF, and 
suspended in 0.1% Trifluoroacetic Acid. 
 
Fluorescence Anisotropy 
50, 75, or 100 µM synthetic regulatory protein was incubated with 0.5µM TMR-
labeled peptide in binding buffer (20mM HEPES pH 7.5, 100mM NaCl, 1mM DTT). 
Increasing concentrations of SH3 domain were introduced into the reaction to a final 
volume of 70µl. The final reactions were incubated in a 25ºC waterbath for 10 minutes. 
Anisotropy measurements were conducted using the ISS-PC1 spectrofluorometer 
equipped with polarizers, with an excitation of TMR at 555nm and emission recorded at 
580nm over ten iterations (average reading taken). Background anisotropy was measured 
using SH3 domain alone from 0-1mM; these values served as the baseline for anisotropy 
background and were subtracted from experimental measurements to obtain “corrected 
anisotropy” values.   Corrected anisotropy values were percentage normalized to the 
highest and lowest anisotropy values of each synthetic regulatory pathway tested.  
Fluorescence anisotropy was also used to measure the dissociation constants of the TMR-
labeled peptides CGYPKHREMAAD and CGYPKHREMAVDSP for the PDZ domain 
and repressed PDZ domain.  For these measurements, 0-400 µM PDZ domain or 
repressed PDZ domain were incubated with 0.5 µM of the labeled peptides.   
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Echinoid Plasmid Construction and Echinoid Cell-Adhesion Assays  
 Synthetic regulatory systems (see Protein Construction and Purification section 2) 
were cloned into a pMT/V5-HisA vector (Invitrogen) containing Echinoid and GFP 
upstream of the multiple cloning site (26). Drosophila melanogaster Pins (Accession: 
NP_524999.2) residues 1-466, with the C-terminal sequence HREMAVDCP, was cloned 
into pMT containing an N-terminal HA epitope tag. Mouse Crk SH3 residues 134-191 
was cloned into pMT containing an N-terminal FLAG epitope tag. 
 S2 cell maintenance and cell adhesion assays have been detailed elsewhere (26). 
Briefly, S2 cells were transfected using Effectene reagent (Qiagen, Germantown, MD) 
with 1.5 µg total DNA for 24 hours. Subsequent protein expression was induced by the 
addition of 500 µM CuSO4 for 24 hours. Cell adhesion clustering was induced by shaking 
at 175 RPM for 2 hours. 
 
Immunostaining, Immunofluorescence Microscopy, and Data Analysis 
All synthetic regulatory constructs tested were transfected, fixed, and stained 
concurrently to minimize variations. Clustered cells were fixed in 4% paraformaldehyde 
in PBS for 20 min, washed (0.1% saponin in PBS), and incubated with primary 
antibodies in buffer (0.1% saponin, 1% BSA in PBS) overnight at 4ºC. Coverslips were 
then washed and incubated with fluorescently-linked secondary antibodies for two hours 
at room temperature. The coverslips were washed again and mounted onto microscope 
slides using Vectashield Hardset medium (Vector Laboratories, Burlingame, CA). 
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 Antibodies were used as follows: rat anti-HA (Roche; 1:1000), rat anti-α-tubulin 
(Abcam; 1:500), and mouse anti-FLAG (Sigma; 1:1000), Alexa Fluor 555 goat anti-rat 
IgG (H+L) (Invitrogen; 5 µg/mL), and DyLight 649 AffiniPure Dnk Anti-Mouse IgG 
(H+L) (Jackson ImmunoResearch; 7 µg/mL). 
 All images were collected using a Leica TCS SP2 confocal microscope with a 
60X 1.4 NA immersion-oil lens using 488 Ar laser/500-530nm emission filter, 543 HeNe 
laser/560-620 emission filter, and 633 HeNe laser/650-750 emission filter. The refractive 
index of the immersion oil is 1.518. Laser power, photomultiplier tube gain, and other 
imaging settings were optimized to fall within the linear range of the camera and to avoid 
saturation. Optimized settings were held constant throughout imaging sessions.  
 Fluorescence intensity of a single cell was analyzed using ImageJ software. The 
inner boundaries of 32-33 cells of each condition were marked using the freehand 
selection tool and the mean intensity of the marked area was recorded. Background 
intensity was subtracted from these values. Spindle angles were measured using the angle 
tool in ImageJ, measuring the spindle angle against the center of the Echinoid crescent. 
For spindle angle vs. intensities plots, cells were binned at 15 A.U. intensity levels. 
 
Analytical Modeling 
 We modeled binding curves for the no-decoy switch, a one-decoy switch, and a 
three-decoy switch using constants and concentrations reported in this paper—the curves 
are not a best fit. All objects, terms, and equations are presented in the supplementary 
information.  For each switch, we plotted the fraction of the switch bound fbp to the 
readout peptide [P] as a function of total activator [A]Tot.  We used the general binding 
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equation using all states and equilibria to obtain fbp.  [A]Tot is presented as the sum of free 
activator [A] and the summation of all states in which the switch is bound to the 
activator.  In this way, we were able to vary [A] to obtain a fbp curve as a function of 
[A]Tot. 
 
RESULTS AND DISCUSSION 
 
 We used an approach combining synthetic biology and analytical modeling to 
comprehensively explore decoy-based ultrasensitivity. A synthetic system can be 
precisely controlled to minimize the number of variables being tested (Dueber et al., 
2007), whereas modeling can highlight parameters important for the phenomenon being 
examined (Buchler and Cross, 2009; Gunawardena, 2005).  To thoroughly examine 
decoy-based ultrasensitivity, we built a synthetic regulatory pathway composed of readily 
available modular domains whose properties (binding partners, affinities, etc) have been 
extensively characterized.  The design of the synthetic regulatory pathway is modular in 
nature, which allowed for its easy manipulation so that we could systematically test the 
effects of decoys on ultrasensitivity.   
 In order to characterize the synthetic regulatory pathway, we developed an in 
vitro biochemical assay as well as an in vivo cell biological assay to test the effects of 
various decoys on thresholding and ultrasensitivity.  The in vitro assay is based on 
fluorescence anisotropy using bacterially purified proteins and served as a quantitative 
method for examining decoy-based ultrasensitivity, whereas the in vivo studies highlight 
the functional consequence of decoy-based ultrasensitivity in a more physiological 
context.  In addition to the biochemistry and cell biology, we analytically modeled the 
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synthetic regulatory pathways, incrementally varying several parameters to fully 
understand the effects of decoy domains.  We found that combining analytical modeling, 
biochemistry, and cell biology provided a comprehensive analysis of the decoy 
mechanism and how decoys can be tuned to generate ultrasensitivity.   
 To construct a system that can be manipulated in vitro to test the role of decoy 
sites in ultrasensitive activation, we designed an "autoinhibited" protein based on a PDZ 
protein interaction domain. We utilized autoinhibition because it’s a common mechanism 
in signaling pathways in which intramolecular interactions regulate activity (Pufall and 
Graves, 2002).  We also utilized PDZ domains because they and their binding partners, 
short C-terminal sequences (Harris and Lim, 2001), have been well characterized and are 
readily available.  We engineered autoinhibition into the synthetic system using a 
sequence overlap strategy (Sallee et al., 2007), where we constructed a fusion protein 
containing the Drosophila Par-6 PDZ domain and a modified PDZ ligand sequence 
HREMAAD from Drosophila Stardust (Sdt) (Penkert et al., 2004). Between the PDZ 
domain and its ligand sequence, we included an overlapping proline-rich sequence 
PPPALPPKHR that binds the mouse Crk SH3 domain, with a dissociation constant of 
1.57 µM (Posern et al., 1998; Wu et al., 1995), with the goal of disrupting the 
intramolecular interaction when the SH3 domain binds its target (Figure 6B). The 
overlapping PDZ ligand and proline-rich sequence permits the mutually exclusive 
binding of either the cis PDZ domain or trans SH3 domain at this site, forming a 
favorable intramolecular interaction that would occlude the SH3 binding site (Figure 6C). 
The PDZ domain has an approximately three-fold lower affinity for its cis ligand than the 
fluorescently labeled trans ligand, when measured in trans (table 1) so that the system 
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can be more readily activated (effective concentration effects favor the intramolecular 
interaction).  
 
 
Figure 6. Defining ultrasensitivity, and the design and construction of the synthetic 
regulatory systems 
 
(A) Ultrasensitive profiles (black) are sigmoidal in shape, exhibiting a threshold and are 
generally characterized by a Hill coefficient greater than one, unlike hyperbolic 
profiles (red). Both hyperbolic and ultrasensitive curves can behave as efficient 
switches (solid lines) or poor switches (dashed).  
(B) Overlapping sequences allow for mutually exclusive binding of the SH3 domain or 
the cis PDZ domain to the C-terminal region of the synthetic regulatory system.  
(C) Simplified graphical representation of the end states in the activation process. The 
PDZ domain forms an intramolecular interaction with a cis PDZ ligand (COOH) to 
produce an autoinhibited state. SH3 binding to the polyproline motif (PxxP) occludes 
the intramolecular interaction, exposing the PDZ domain allowing it to bind a trans 
PDZ ligand. Fluorescent dye-labeled trans PDZ ligand (TMR-COOH) binding can be 
followed by anisotropy to measure the “activated” state (activated, but SH3-unbound 
state is omitted for clarity, but was included in the analytical modeling in the 
supporting information). 
(D) The synthetic regulatory system exhibits a non-ultrasensitive activation profile with a 
Kact of 31µM (error bars represent SEM from three independent measurements). The 
synthetic regulatory system is present at 50 µM; 400 µM SH3 corresponds to eight 
times the repressed polyproline site.  The solid line represents the predicted behavior 
of the system based on the analytical model (see methods and supporting information) 
for the system shown in the schematic using the parameters shown in Table 1. It is 
not the best fit to the data. All affinities used in the modeling correspond to 
experimentally measured affinities listed in table 1. 
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Table 1. Characteristics of the modular domains and their ligands used for the 
construction of the synthetic regulatory pathways 
 
a Affinities measured in trans (see methods) 
 
We used the mouse Crk SH3 domain as the activator and measured output activity 
using the fluorescence anisotropy of a Tetramethyl rhodamine (TMR)-labeled PDZ 
ligand peptide. Consistent with the presence of autoinhibition in this system, the 
repressed PDZ domain's affinity for its trans ligand is approximately eight-fold lower 
than the free PDZ domain because of competition with the intramolecular ligand (table 
1). The SH3 domain activates the system, and the affinity of the fluorescent peptide for 
the PDZ domain increases upon SH3 domain binding, resulting in a graded, non-
ultrasensitive activation profile (Figure 6D). We also analytically modeled this synthetic 
regulatory pathway (as well as the others discussed below) using the affinities shown in 
table 1, and found the modeling to be in excellent agreement with the experimental 
findings (Figure 6D, solid line).  We next examined whether simple competition could 
Domain Origin and sequence Ligand(s) Kd (µM) Ref 
PDZ Par-6 residues 156-255 TMR-CGYPKHREMAVDSP TMR-CGYPKHREMAAD 
6 
15 
(Penkert et al., 
2004) 
Measureda 
SH3 Crk residues 134-191 
PPPALPPKHR 
PPALPPKK 
PPPALPPKRRR 
PPPVPPRR 
1.57 
2.1 
0.1 
10 
(Posern et al., 
1998; Wu et 
al., 1995) 
(Posern et al., 
1998; Wu et 
al., 1995) 
(Posern et al., 
1998; Wu et 
al., 1995) 
(Nguyen and 
Lim, 1997; 
Wu et al., 
1995) 
PDZ-PxxP-
COOH 
[Par-6 156-255]-
PPPALPPKHREMAAD TMR-CGYPKHREMAVDSP 48 Measured
a 
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introduce elements of ultrasensitive behavior into our system by adding various SH3 
ligands. 
 To determine the effect of decoy sites on the activation of our synthetic regulatory 
system, we introduced SH3 binding sites N-terminal to the PDZ domain in regions where 
SH3 interaction does not influence PDZ activation (Figure 7A).  
 
Figure 7. High-affinity decoy sites threshold activity 
(A) Graphical representation of end states in the activation sequence. The high-affinity 
decoy (black) becomes fully saturated with the activating SH3 domain before 
activation.  
(B) A high-affinity decoy (Kd SH3 = 0.1 µM, black) thresholds the activation profile by 
the concentration of decoy in the reaction (error bars represent SEM from three 
independent measurements). The total concentration of the system is 100 µM, which 
corresponds to a total of 100 µM decoy domains (Kd SH3 = 0.1 µM) and 100 µM 
repressed polyproline motifs. The solid line represents the predicted behavior of the 
system based on the analytical model (see methods and supporting information) for 
the system shown in the schematic using the parameters shown in Table 1. It is not 
the best fit to the data. All affinities used in the modeling correspond to 
experimentally measured affinities listed in table 1. 
 
We initially examined the effect of adding a single decoy site with the sequence 
PPPALPPKRRR at a higher intrinsic affinity (Kd SH3 = 0.1 µM) than the activating SH3 
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binding site (when measured in isolation, KdSH3 = 1.57 µM) and found that this introduces 
a threshold to the graded response (Figure 7B). The threshold corresponds to the 
concentration of the the synthetic regulatory pathway (and therefore the decoy) indicating 
that the SH3 activator binds the decoy until it is saturated before binding the activation 
site. An inflection point in the response profile of this system is predicted by modeling 
(supporting information) and arises because the decoy acts as a strong stoichiometric sink 
(Figure 7B, solid line). Addition of another high-affinity decoy site causes the threshold 
to be further shifted to higher activator concentration but does not alter the overall shape 
of the activation profile (Figure 8).  
 
Figure 8. Tabular illustration summarizing the characteristics of synthetic regulatory 
pathways containing various combinations of decoy domains   
 
We have omitted the PDZ, COOH, and PXXP domains from the regulatory pathway 
depictions for clarity.  The 0.1 µM affinity decoy is represented as a black square, the 2.1 
µM affinity decoy as a green square, and the 10 µM affinity decoy as a red square. 
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These results demonstrate that decoy sites can introduce thresholds, which is a 
hallmark feature of ultrasensitive responses. However, the profiles of the synthetic 
pathways containing the nanomolar high-affinity (0.1 µM) decoy are not sigmoidal and 
therefore do not meet Koshland and Goldbeter’s original definition of “ultrasensitive,” 
which is still widely used today. Instead, the profile resembles an offset, graded curve 
that is poorly fit by the Hill equation, which serves as a common analysis method for 
ultrasensitivity (the use of the Hill analysis to measure ultrasensitivity is discussed 
below). Thus, high affinity decoys generate thresholds by shifting the start of the graded 
response to higher activator concentration but do not generate ultrasensitivity. 
In order to generate truly sigmoidal responses, we reasoned that lower affinity 
(micromolar range) decoys might “blur” the transition between the threshold and 
activation region by allowing activation before the decoys had become fully saturated 
(Figure 9A, 9B).  We tested this idea by adding lower affinity (2.1 µM ) decoys to the 
synthetic regulatory system. By lowering the affinity of the decoy site to 2.1 µM from 0.1 
µM such that it approximates the affinity of the activation site (Kd SH3 = 1.57 µM), it is 
possible to obtain intermediate activation states where there is a mixture of decoy-bound 
repressed, decoy-bound activated, and decoy-unbound activated states, generating 
canonical ultrasensitive profiles.  
 To determine whether a decoy site with a similar affinity as the activation site 
could introduce an element of ultrasensitivity, we included a decoy site whose 
polyproline sequence PPALPPKK (Kd SH3 = 2.1 µM) is near the affinity of the activation 
site PPALPPKHR (Kd SH3 = 2.1 µM)(Posern et al., 1998) into the synthetic regulatory 
system (table 1). The small disparity in affinities between these two sites for the SH3 
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domain allows the system to exhibit an ultrasensitive response that can be fit to an 
apparent Hill coefficient of 2.5 (Figure 9C).  
 
Figure 9. Decoys can be a source of ultrasensitivity 
 
(A) Graphical representation of end states in the activation sequence (decoy-unbound 
activated step omitted for clarity, but is included in the analytical modeling in the 
supporting information). The lower-affinity decoy (green) approximates the affinity 
of the activation site, allowing for mixed binding states. 
(B) Single-decoy modeling shows that decreasing the affinity of the decoy from 
nanomolar (solid line) to micromolar affinity (dashed lines) can generate sigmoidal 
properties.  
(C) A synthetic regulatory pathway containing a decoy with similar affinity as the 
activation site (Kd SH3 = 2.1 µM, green) for the SH3 domain produces a sigmoidal 
activation profile and can be fit to an apparent nH of 2.5 (error bars represent SEM 
from three independent measurements). The total concentration of the system is 50 
µM, which corresponds to a total of 50 µM decoy domains (2.1 µM) and 50 µM 
repressed polyproline motifs. The solid line represents the predicted behavior of the 
system based on the analytical model (see supporting information) for the system 
shown in the schematic using the parameters shown in Table 1. It is not the best fit to 
the data. All affinities used in the modeling correspond to experimentally measured 
affinities listed in table 1. 
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The decoy site acts as a competitive ligand for the SH3 domain, producing an input 
threshold where the system is mostly in the decoy-bound state, yet allows some SH3 
domain binding to the activation site. Modeling of a single-decoy system containing a 2.1 
µM decoy (see supporting information) generates a sigmoidal input-response curve that 
closely matches the observed activation profiles (Figure 9C, solid line). We conclude that 
tuning the affinity of decoy sites so that they are not completely saturated before the 
activator binds to the activating site can lead to ultrasensitivity.  
Ultrasensitive responses have two key characteristics, thresholds and steepness, 
and we next examined how decoy-based regulatory systems can alter these parameters. 
For each synthetic regulatory pathway, we defined the threshold as the concentration of 
activator required to reach 10% output activity and steepness as the slope at the 50% 
activation point (Figure 10A).  As shown in figure 8, the threshold can be readily 
manipulated by the addition of decoys, especially with the high affinity (0.1µM) decoys.  
We found that steepness, on the other hand, could not be as easily controlled. The 
inclusion of the lower affinity (2.1µM) decoy site broadens the input range over which 
the system transitions between states, requiring more input signal than the no-decoy 
system to reach maximal activation (Figure 8). After testing several decoy combinations, 
we conclude that the threshold component of ultrasensitive profiles can be readily 
manipulated in decoy-based regulatory systems but response steepness is limited to a 
narrow range.  
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Figure 10. Tailoring response parameters with decoy combinations 
 
(A) Hill coefficients (nH) are not an accurate measure of the “sensitivity” of a response. 
The highly thresholded, but less steep curve (red) can be fit to a nH of 5.1, whereas 
the steeper, but less thresholded curve (black) is fit to a lower nH of 3.7. Measuring 
10% activation (defined as threshold in this work), half-maximal activation (Kact), and 
slope at the steepest part of the curve (dashed line) can clarify ultrasensitive profiles. 
 (B) A synthetic regulatory system containing two 0.1 µM Kd (black) and one 2.1 µM Kd 
(green) decoy can threshold a sigmoidal activation profile, generating an apparent nH 
of 4.5 (note x-axis scale, error bars represent SEM from three independent 
measurements). The total concentration of the system is 75 µM, which corresponds to 
a total of 150 µM high affinity decoy domains (Kd SH3 = 0.1 µM, black), 50 µM 
lower-affinity decoy domains (Kd SH3 = 2.1 µM, green), and 75 µM repressed 
polyproline motifs. The solid line represents the predicted behavior of the system 
based on the analytical model (see supporting information) for the system shown in 
the schematic using the parameters shown in Table 1. It is not the best fit to the data. 
All affinities used in the modeling correspond to experimentally measured affinities 
listed in table 1. 
 
In addition to steepness and threshold, we also determined each pathway’s Hill 
coefficient as this term is popularly used to as a measure of ultrasensitivity (Ferrell, 1996; 
Koshland et al., 1982).  The Hill coefficient was originally described as a model for 
cooperativity (Hill, 1910), and in addition to its use as a measure of ultrasensitivity, it is 
often used as a measure of activation profile steepness (Dueber et al., 2007; Kim and 
Ferrell, 2007). Though steepness does affect the Hill coefficient, we find that increasing 
the threshold without increasing the steepness can also influence the magnitude of the 
	   37 
Hill coefficient (Figure 10B).  Therefore, the Hill coefficient may not be the best term to 
describe how ultrasensitive a system is when other parameters, such as Kact, provide a 
more transparent description of an activation profile.  Like the Hill coefficient, Kact is also 
a complex function of the threshold and steepness (Figure 10A), and is defined as the 
concentration of activator required for 50% activity (Dueber et al., 2007).  Combined, the 
Kact, slope, and threshold offer a complete description of how “ultrasensitive” an 
activation profile is, as opposed to the Hill coefficient, which can be misleading when 
thresholds are large. 
 We have shown that decoys can be used to tune different parameters of a response 
such as the sensitivity and threshold of a synthetic regulatory pathway in vitro.  We 
wanted to expand the utility of the synthetic regulatory pathway into a more 
physiological context, so we introduced the synthetic system into the regulatory pathway 
that controls mitotic spindle orientation. We chose a cell culture system that uses the cell-
adhesion protein Echinoid (Ed) to polarize an otherwise unpolarized S2 cell (Figure 11A) 
(Johnston et al., 2009).  Using this technique, it is possible to polarize any protein of 
interest in S2 cells, and previous work from our lab has demonstrated that Echinoid 
fusions of Partner of Inscuteable (Pins) robustly orients the spindle in S2 cells (Johnston 
et al., 2009). To explore whether Pins’s spindle orientation activity can be altered by 
decoy-based thresholding, we fused the autoinhibited regulatory system to the 
cytoplasmic domain of Echinoid to induce crescents of two different synthetic regulatory 
pathways (Figure 11B).  
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Figure 11. Decoys can threshold spindle orientation activity of Pins 
 
(A) Induced polarity spindle orientation assay. S2 cells adhere through the homophilic, 
intercellular membrane-associated Echinoid protein (Ed), which redistribute on the 
cortex to points of cell-cell contact, inducing polarity of Ed:Regulatory Pathway 
(shown in green using intrinsic GFP fluorescence). The orientation of the spindle 
(shown in red with anti-α-tubulin stain) is measured (white dashed line) with respect 
to the center of the Ed:Regulatory Pathway crescent (white arrowhead). Flag-SH3 
expression levels (shown in blue with anti-flag antibody, merged with red and green) 
were determined by measuring the fluorescence intensity of each cell using ImageJ 
software (see methods). HA-Pins expression was confirmed by anti-HA antibody 
stain in red. 
(B) Regulatory pathways fused to Ed are co-expressed with soluble Pins containing a C-
terminal PDZ ligand and soluble SH3 domain in S2 cells. Induced regulatory pathway 
crescents can be activated by the soluble SH3 molecules, leading to the recruitment of 
soluble Pins by its C-terminal PDZ ligand fusion. Induced Pins crescents are 
sufficient to robustly orient the mitotic spindle coupling the activation of the 
regulatory pathway to spindle orientation. 
(C) Measurements of the binned intensities (A.U) (intensity corresponds to relative SH3 
intracellular concentration) vs. spindle orientation angle (º) of 32 cells expressing 
Ed:Regulatory pathway (black, filled circles) and 33 cells expressing Ed:Regulatory 
pathway with high-affinity decoy (red, filled squares). Cells were binned at 15 A.U. 
intensities. Lower spindle angle values represent an aligned phenotype. 
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We fused the PDZ ligand HREMAVDCP to the C-terminus of soluble Pins, and also 
introduced soluble SH3 as the activator, with the goal of coupling the activation of the 
regulatory pathway to the spindle orienting activity of Pins (Figure 11B). In this cell 
culture system, the activation of the regulatory pathway manifests as spindle orientation, 
which can be plotted as a function of the relative SH3 domain expression level in a given 
cell. 
 To determine whether the synthetic regulatory pathway transitions well into the in 
vivo system, we examined the spindle orienting activity of the no-decoy regulatory 
pathway. Cells expressing relatively low levels of SH3 domain display a broad range of 
the spindle orientations, suggesting that Pins is not recruited to the induced regulatory 
pathway crescents (Figure 11C, black circles). However, cells that express higher levels 
of SH3 domain are restricted to aligned spindle orientation angles, indicating that the 
regulatory pathway is activated, thereby recruiting Pins to the induced crescents where it 
functions to orient the spindle. These results demonstrate that the synthetic regulatory 
pathway can be coupled to spindle orientation. 
 To examine the effect of decoys in this system, we tested the spindle orienting 
activity of a high-affinity 0.1µM decoy regulatory pathway. Like the no-decoy system, 
the high-affinity decoy system displays a range of broad spindle orientation angles at low 
SH3 domain expression levels, however, the random spindle angles persist to higher 
levels of SH3 domain, indicating that spindle orientation activity is thresholded (Figure 
11C, red squares). The high-affinity decoy system finally reaches maximal activation at 
high SH3 domain expression levels, at about twice the SH3 domain expression level as 
the no-decoy system. While the thresholding cannot be precisely controlled, as 
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expression levels of all three components are difficult to manipulate, the decoys 
nevertheless offer some amount of thresholding. Thus, decoy sites can threshold 
biological activities at the post-translational level through simple binary interactions, and 
this synthetic regulatory pathway could be adopted for other biological applications. 
 We have described a strategy to generate ultrasensitivity in a synthetic system 
utilizing binary protein interactions, where a simple competition mechanism is sufficient 
to create a sigmoid response curve. We showed that a decoy site, a peripheral domain of 
the autoinhibited PDZ domain that can bind to the activator, competes with the activation 
site for the input generating a stoichiometric threshold. Decoy sites with a high affinity 
for the input generate a threshold that reflects the concentration of the decoy in the 
system, while still retaining the hyperbolic response of a decoyless system, (i.e. the 
response is an input-offset hyperbola). When the affinity of the decoy is decreased to 
approximate the affinity of the activation site for the activator, the system is ultrasensitive 
and its output follows a sigmoidal path that can be fit to the Hill equation. Finally, 
because of the modular nature of the synthetic system, we can design systems with 
desired thresholds and switching efficiencies. 
Though the decoy mechanism introduces elements of ultrasensitivity to the 
system such as thresholds and sigmoidal response curves, it should be noted that the 
response does not become more steep or switch-like. Despite generating large Hill 
coefficients, the addition of a competitive decoy reduces the activation slope by a quarter, 
broadening the range over which the system switches from the inactive to active state 
increasing the overall Kact of the system. The large apparent Hill coefficients are the 
result of limitations in describing the two key components of ultrasensitivity, thresholds 
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and steepness. A similar observation was reported in the case of multisite 
phosphorylation, where multiple phosphorylation sites that act as stoichiometric 
inhibitors of a kinase introduce a threshold while making the response more graded after 
the threshold is achieved (Gunawardena, 2005). 
The addition of a high affinity decoy, on the other hand, does not negatively affect 
the steepness, but merely introduces a stoichiometric threshold while retaining the 
original switch-like transition of the system, which is ultimately determined by the 
isomerization constant. The response profile could be easily modulated with the addition 
or removal of these high-affinity decoy domains to achieve a desired input concentration 
at which the system will abruptly switch from the inactive to active state. This 
mechanism is also attractive because the modular nature of the decoy system allows the 
incorporation or removal of domain repeats through genetic recombination events in 
natural systems. We showed that the synthetic regulatory pathway generated in this study 
can be adopted in a physiological context, and may be useful for other synthetic 
biologists. 
 
BRIDGE TO CHAPTER III 
 Modular protein interactions can be implemented in the design of synthetic 
signaling molecules with complex input-output relationships.  The “decoy” mechanism, 
initially identified in the naturally occurring Pins protein (Smith and Prehoda, 2011), is 
sufficient for the generation of the ultrasensitive behaviors of the synthetic protein 
switches I constructed, where their responses could be tuned by varying the composition 
of the modular protein interactions.  These synthetic proteins can also be integrated into 
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natural biological activities such as spindle positioning, where their tuned behaviors 
dictate their spindle-positioning activities.  Thus protein modularity plays a critical role in 
a synthetic system with spindle positioning activity, and in the next chapter, I describe 
how the modular domain architectures of natural spindle orientation regulators is 
important for their functions. 
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CHAPTER III 
PINS MEDIATES SPINDLE POSITIONING THROUGH THE COORDINATION 
OF KINESIN-73 AND DYNEIN 
 
*This chapter contains unpublished co-authored material prepared for submission to the 
journal Developmental Cell 
 
Author contributions: M.S.L and K.E.P. designed research; M.S.L. and A.C.B. performed 
research; M.S.L. and K.E.P. wrote the paper. 
 
 
INTRODUCTION 
 The positioning of the mitotic spindle is critical for many biological processes that 
require precisely oriented cell divisions, such as cellular differentiation, embryogenesis, 
and organogenesis (Toyoshima and Nishida, 2007).  Spindle positioning can be directed 
by molecular cues that are often asymmetrically distributed around the cell cortex to bias 
the orientation of the ensuing cell division (Gillies and Cabernard, 2011; Morin and 
Bellaiche, 2011; Siller and Doe, 2009).  For this reason, asymmetrically dividing cell 
types such as the C. elegans zygote, Drosophila neuroblast, and mammalian epithelium 
have served as model systems for studying spindle positioning.  Decades of research have 
led to the genetic identification of several spindle orientation regulators including the Par 
complex (Par-3, Par-6, aPKC), Inscuteable (Insc), Partner of Inscuteable (Pins), and 
Discs large (Dlg) (reviewed in (Siller and Doe, 2009)).   
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 A key regulator of spindle positioning is Pins, an evolutionarily conserved 
modular protein required for spindle positioning in a diversity of organisms (David et al., 
2005; Du and Macara, 2004; Schaefer et al., 2000).  In the Drosophila neuroblast, Pins 
has several direct binding partners including Insc, Gai, Dlg, and Mud, all of which are 
also known to be required for spindle orientation in the neuroblast (Johnston et al., 2009; 
Mauser and Prehoda, 2012; Nipper et al., 2007).  In addition to being necessary for 
proper spindle positioning in neuroblasts, Pins is also sufficient for spindle positioning in 
the “induced cell polarity” S2 cell system (Johnston et al., 2009). 
 Ed-induced polarized Pins orients the spindle in S2 cells through two signaling 
pathways that stem from the TPR domain (PinsTPR) and small linker region of Pins 
(Pinslinker).  The Pinslinker pathway terminates with the plus-end microtubule tracking 
motor protein Khc73 and is thought to function through a microtubule capture 
mechanism, owing to its partial spindle positioning property.  The PinsTPR pathway, on 
the other hand, terminates with the minus-end directed microtubule motor cytoplasmic 
Dynein, and surprisingly has no spindle positioning activity.  Interestingly, PinsTPR can be 
activated when coupled in cis to Pinslinker, where the TPR+linker fusion (PinsTPR+linker) act 
synergistically to robustly orient the spindle (Johnston et al., 2009).  
 Though the PinsTPR and Pinslinker pathways have been genetically characterized, 
the molecular mechanism by which the two pathways independently function to orient 
the mitotic spindle remains unclear.  In addition, several questions remain regarding the 
synergistic nature of the two pathways.  A number of possibilities exist for the source of 
the synergy—the Pinslinker pathway could be required for the recruitment and activation of 
the PinsTPR pathway, or the Pinslinker pathway could directly activate the PinsTPR pathway 
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through some allosteric mechanism.  The activation of the PinsTPR pathway by the 
Pinslinker pathway could occur through the crosstalk of any of the downstream 
components of either pathway, including the two terminating microtubule motor proteins 
Khc73 and Dynein.  
 Few cases exist for the coordination of bidirectional transport involving Dynein 
and kinesins.  Kinesin-2 and Kinesin-5 are known to coordinate with cytoplasmic Dynein 
(Berezuk and Schroer, 2007; Blangy et al., 1997; Deacon et al., 2003), but it is unclear 
how the opposite-polarity motors cooperate.  Dynein adapters and cofactors serve as 
good starting point for assembling candidates that mediate the crosstalk between the 
opposite-polarity motors.  Because several of these adapters and cofactors, namely 
dynactin, Lis1, and NudE, are known to interact with non-Dynein proteins (Kardon and 
Vale, 2009), they may serve as regulatory units that facilitate bidirectional transport.  Do 
these proteins play a role in spindle positioning, and if so, how are they targeted to 
Dynein?  Khc73 is known to transport vesicular cargo through its FHA domain 
(Horiguchi et al., 2006), and contains several other domains that have not been well-
characterized.  Furthermore, because both motors are regulated by cortical Pins, Khc73 is 
in proximity to Dynein.  Finally, Khc73’s large C-terminal stalk region remains largely 
uncharacterized and may contain additional elements that could function in the 
coordination with its opposite-polarity partner. 
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MATERIALS AND METHODS 
 
Plasmid Construction, S2 Cell Culture, and RNAi 
Ed:tdTomato:PinsTPR+linker was made in the metallothionine-promoter-based pMT-V5 
vector (Invitrogen, Carlsbad, CA) by replacing the Ed cytoplasmic domain with an in-
frame tdTomato and Pins (amino acids 1-466) cassette.  All Khc73 fragments used for the 
structure/function analysis were cloned into pMT with an N-terminal myc epitope.  14-3-
3 ζ was cloned into pMT with an N-terminal FLAG epitope tag.  Khc73:mCherry used 
for TIRF and spinning disk confocal live imaging was expressed from a pMT vector 
containing a full-length Khc73 construct (amino acids 1-1913) with an in-frame C-
terminal mCherry cassette.  GFP:NudE used in TIRF and spinnind disk was expressed 
from pMT vectors containing an N-terminal GFP cassette with either full-length Dm 
NudE isoform C (amino acids 1-377).  The pMT-GFP:a-tubulin vector used for the live 
imaging experiments was a gift from Dr. Chris Q. Doe (Johnston et al., 2009).  Site-
directed mutagenesis was performed to generate point mutations in the all plasmids 
mentioned in the material and methods section. 
 S2 cells were grown in Schneider’s media (Sigma) supplemented with 10% fetal 
bovine serum and seeded at ~2 x 106 cells per well of a 6-well culture dish on the day of 
transfection.  S2 cells were transfected with 0.4-1mg total DNA with Effectene 
(QIAGEN, Germandtown, MD), and gene expression was induced 16-24 hours after 
transfection with the addition of 500mM CuSO4 for 24-48 hours.  Cell clustering was 
induced by orbital shaking at 175 RPM for 2 hours. 
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 RNA interference was performed as follows.  Primers for dsRNAs of ~150-400bp 
with T7 promoter sites targeted to Khc73’s 3’UTR, Par-1, NudE, Mud, 14-3-3 ζ, and 14-
3-3ε were designed using SnapDragon ds-RNA Design service at 
http://www.flyrnai.org/cgi-bin/RNAi_find_primers.pl.  PCR-amplified templates were 
reverse-transcribed and purified using the Megascript T7 kit (Ambion, Austin, TX).  S2 
cells were transfected as described above and incubated for 24 hours before being seeded 
at a density of 1 x 106 cells per well in 1 mL of serum-free media.  10-100mg dsRNA was 
added to the cells and allowed to incubate at room temperature for 1 hr before being 
supplemented with 2mL serum-containing media.  RNAi was induced for 72-96 hrs 
before fixing. 
 
Measuring Spindle Orientation in S2 cells 
 Ed crescents consuming more than a quarter of the S2 cell circumference and 
atypical spindles were excluded from spindle orientation analysis.  The polarity axis was 
determined by measuring a line perpendicular through the center of the Ed crescent and 
the spindle axis was measured as a line drawn through both spindle poles.  The resulting 
spindle orientation angle was plotted in a cumulative percentage plot, where individual 
events are measured as percentile rankings among the entire group.   
 
Immunofluorescence Staining, Live Imaging, and TIRF Microscopy 
 For immunofluorescence staining of S2 cells, cells were allowed to settle onto 
12mm coverslips for 1-2 hrs before being fixed for 20 min with 4% paraformaldehyde in 
PBS.  Cells were washed with 0.1% saponin in PBS, and blocked for 30 min in 0.1% 
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saponin/1% BSA in PBS.  Primary antibodies diluted in blocking buffer were added to 
cells immobilized on coverslips and allowed to incubate overnight at 4°C.  Primary 
antibody dilutions are as follows: 1:1000 Rabbit anti-myc (Sigma), 1:1000 mouse anti-
FLAG (Sigma), 1:1000 mouse anti-HA (Sigma), and rat anti- a tubulin (AbCam).  Fixed 
S2 cells were imaged using a Leica TCS SP2 confocal microscope with a 60X 1.4 NA 
immersion-oil lens using 488 Ar laser/500-530nm emission filter, 543 HeNe laser/560-
620 emission filter, and 633 HeNe laser/650-750 emission filter. The refractive index of 
the immersion oil is 1.518. 
 For TIRF and spinning disk confocal live imaging, S2 cells were allowed to settle 
onto Conconavalin-A (0.5mg/mL) -coated 4- or 8-well chambers for 2 hrs.  Spinning disk 
confocal movies were acquired on a BioRad Radiance 2000 laser scanning confocal 
microscope equipped with a 60X 1.4 NA oil-immersion objective.  TIRF movies were 
acquired on a Nikon TE2000 confocal microscope outfitted with an Andor D4-891 EM-
CCD camera and a 100X 1.49 NA oil-immmersion TIRF objective lens.  
 
Bacterial Protein Purification GST-Pulldown Assays  
 All purifiable proteins were expressed in the E. coli BL21(DE3) strain induced 
with 250mM IPTG.  For His-tag protein purification, 14-3-3 ζ and Khc73 (amino acids 
580-829) were cloned into a pBH4-based vector containing a cleavable N-terminal 6x 
Histidine epitope.  His-tagged proteins were affinity purified using Ni-NTA resin 
(QIAGEN, Germantown, MD).  For GST-fusion proteins, Dlg isoform G (amino acids 
771-975), Khc73 (amino acids 1336-1447), Khc73 (amino acids 1336-1447 S1374D), 
and 14-3-3ε, were cloned into the pGEX-4T vector (GE Lifesciences).   
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 For GST-pulldown experiments, GST-fusion proteins were immobilized onto 
glutathione-agarose resin (Sigma), allowed to incubate with His-tagged prey proteins for 
15 min at room temperature, and followed by three washes in 50mM HEPES 7.5, 1mM 
DTT, 300mM NaCl (for experiments using 14-3-3 proteins)/100mM NaCl (for GST-
Dlg/His-Khc73 pulldown), 0.5% tween-80, and 50mM MgCl2.  
 For immunoblotting, 1:1000 Mouse anti-His antibody in 5% low-fat milk in TBS-
T was used for immunoblotting.  HRP-conjugated goat anti-mouse secondary antibody 
and the Pico-sensitivity peroxidase chemiluminescent substrate (Pierce) was used for 
detection.   
 
HEK293 Protein Expression and Co-Immunoprecipitation 
 For protein expression in HEK293T cells, Drosophila full-length NudE isoform C 
containing an N-terminal FLAG epitope tag, full length Khc73 containing an N-terminal 
myc epitope tag, 14-3-3ε containing an N-terminal V5 epitope tag, and 14-3-3 ζ 
containing an N-terminal HA tag were cloned into the mammalian cell expression vector 
pCMV (Invitrogen).  30mL freestyle HEK293T cells were transfected with 30mg total 
DNA using 60ml 293fectin reagent (Invitrogen).  HEK293 suspension cells were 
incubated at 37°C at 5% CO2 shaking at 200 rpm, and proteins were expressed for 72 
hours.   
 For immunoprecipitation experiments, HEK 293T cells were harvested and lysed 
by homogenization through a 21G needle in a 5mL high-salt lysis buffer containing 
50mM Tris pH 8.0, 0.5% NP-40, and 500mM NaCl.  5mg Rabbit anti-myc antibody was 
added to 1mL clarified lysate and incubated at 4°C for 1 hour.  Complexes were 
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precipitated by the addition of 50ml of a 50:50 slurry of Protein-G sepharose (Invitrogen) 
and incubated at 4°C for 1 hour.  The Protein-G sepharose immune complexes were then 
washed three times in lysis buffer and once in 50mM Tris pH 8.0.  Immunocomplexes 
were dissociated by the addition of 1% SDS and 100mM DTT in 50mM Tris pH 7.5. 
 For immunoblotting, 1:1000 Rabit anti-myc (Sigma), 1:1000 mouse anti-HA 
(Sigma), 1:1000 mouse anti-FLAG (Sigma), and 1:1000 mouse anti-V5 (Sigma) were 
used in 5% low-fat milk in TBS-T.  HRP-conjugated goat anti-rabbit and HRP-
conjugated goat anti-mouse were used with the Femto-sensitivity peroxidase 
chemiluminescent substrate (Pierce). 
 
MDCK Cell Culture, 3D Culture, and Cyst Formation Assay 
 For RNAi in MDCK cells (ATCC), dsDNA cassettes for small hairpin RNA 
against Canis familiaris predicted proteins KIF13B and 14-3-3β containing the sequences 
were cloned into the pRNAT-U6.1 hygro vector (Genscript).  The KIF13B sense 
sequence is 5’ 
GATCCCGCCAGCCAAAGGTGTTTGCTTCAAGAGAGCAAACACCTTTGGCTGG
CTTTTTTCCAAA 3’ and the 14-3-3β sequence is 5’ 
GATCCGGCAGAAACGGTTCACATTCTTCCTGTCAAATGTGAACCGTTTCTGCC
A 3’.  MDCK cells were maintained in DMEM (Sigma) supplemented with 10% fetal 
bovine serum (Sigma) and 5U/mL Penicillin/streptomycin (Gibco) at mono-layer 
confluency on 10cm dishes at 37°C in 8% CO2.  MDCK cells were trypsinized, and 
resuspended in fresh DMEM+FBS+Pen/Strep then transfected with pRNAT-U6.1 hygro 
or pRNAT-U6.1 hygro containing 14-3-3β and KIF13B shRNA using the Lipofectamine 
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2000 reagent (Invitrogen).  Transfected cells were selected for by the addition of 
200mg/mL hygromycin B to produce polyclonal stably-transfected lines. 
 For cyst formation, stably-transfected MDCK cell monolayers were trypsinized 
and resusupended to 20,000 cells/mL in fresh DMEM+FBS+Pen/Strep+hygro media and 
plated on a 50ml layer of matrigel (Gibco) on 8-well microscope slide chambers.  Cysts 
were grown for 3 days, and re-fed every 2 days and maintained at 37°C at 8% CO2.  
Cysts were fixed in 4% paraformaldehyde in PBS, washed in PBS-T (0.3% Triton X-100 
in PBS), and blocked in PBS-BT (0.3% Triton X-100 and 1% BSA in PBS).  Primary 
antibodies in blocking buffer were added to the cysts and allowed to incubate overnight at 
4°C.  Primary antibody dilutions are as follows: 1:50 Alexafluor 555-phalloiding (for 
actin staining) and 1:1500 mouse anti-a tubulin DM1A (Sigma). 
 For cyst formation assays, MDCK cysts were scored as previously described 
(Zheng et al., 2010).  Briefly, cysts at the 3-4 day stage were scored as normal if they 
contained a single lumen with actin staining at the apical surface. 
 
RESULTS 
 
The Khc73 Dlg-Binding Region and Motor Domain are Sufficient for Pinslinker 
Pathway Activity 
 Using an induced cell polarity S2 cell system, Johnston et al. found that full-
length Pins (PinsFL) is sufficient for robust spindle positioning, and surprisingly that the 
small linker region of Pins (Pinslinker) possesses partial spindle positioning activity 
through a microtubule-capture mechanism.  Interestingly, the TPR domain of Pins 
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(PinsTPR) was found to be devoid of spindle positioning activity, even though this domain 
directly interacts with Mud (Du and Macara, 2004; Nipper et al., 2007), a cortex-to-
microtubule adaptor protein whose spindle positioning function is thought to occur 
through the association with the dynein light chain subunit Cut Up (Bowman et al., 2006; 
Izumi et al., 2006; Silk et al., 2009; Siller et al., 2006; Wang et al., 2011).  Although 
PinsTPR is inactive, it can be coupled in cis with Pinslinker to robustly position the spindle.  
How this synergy is generated remains unknown, but a simple model in which PinsTPR 
cannot fully recruit or activate the dynein complex without the Pinslinker pathway could 
explain why the PinsTPR are inactive. 
 To understand how the PinsTPR and Pinslinker cooperate to generate robust spindle 
positioning activity, we sought to dissect the Pinslinker pathway in an effort to identify a 
linker component whose role is not only to function in microtubule capture (Pinslinker 
activity), but also to confer full dynein function (PinsTPR activity).  The induced cell 
polarity S2 cell system allows for the easy epistatic analysis of either pathway in the 
TPR+linker (PinsTPR+linker) context, where knockdown by RNAi of PinsTPR components 
yields a Pinslinker phenotype and knockdown of linker components results in full loss of 
spindle positioning activity (Figure 5).  Furthermore, the structure and function of a 
component can be analyzed to determine if any part of it is sufficient for either pathway.  
In this manner, it will be possible to identify a component that is required for PinsTPR+linker 
activity but also doesn’t exclusively function in the Pinslinker pathway. 
 Initial efforts to dissect the PinsTPR+linker pathway have established that a potential 
connection point between the both pathways lies downstream of Dlg, a member of the 
linker pathway.  A structure/function analysis of Dlg revealed that the GK domain is 
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sufficient for Pinslinker activity as an Ed fusion (Johnston et al., 2009).  Furthermore, the 
GK domain is sufficient to restore full Ed:PinsTPR+linker activity in an endogenous Dlg 
RNAi background (Johnston et al., 2009).  These results suggest that Dlg is not required 
for PinsTPR activation and that its sole task is to facilitate microtubule capture for Pinslinker 
activity.  Because the next downstream component in the Pinslinker pathway is Khc73, we 
performed a thorough structure-function analysis of Khc73 in the context of induce 
PinsTPR+linker spindle orientation assay in S2 cells.  In this rescue assay, we knocked down 
endogenous Khc73 in S2 cells using a double-stranded RNA targeted to the 3’ UTR of 
Khc73 (Goshima, 2010).  We confirmed the knockdown by measuring spindle 
orientation, where successful Khc73 depletion results in a complete loss of Pins activity, 
a phenotype of a Pinslinker pathway component.  In the endogenous knockdown 
background, we introduced various fragments of Khc73 (figure 12A) and determined if a 
fragment exists that could restore PinsTPR+linker activity to that of Pinslinker levels.   
______________________________________________________________________ 
Figure 12 (next page).  Khc73 structure and function analysis in Pins-mediated spindle 
orientation (on next page) 
 
(A) Khc73 fragments analyzed for rescue of endogenous Khc73 RNAi in Ed:PinsTPR+linker 
spindle orientation assay. 
(B) All domains except the CAP-Gly are required for Khc73 in PinsTPR+linker –mediated 
spindle positioning. 
(C) The minimal fragment that is sufficient for PinsTPR+linker –mediated spindle orientation 
is 1-1720 (orange squares).  The minimal fragment containing only the motor and 
MBS domains can restore activity to Pinslinker levels (blue triangles), which is 
independent of the PinsTPR pathway (red triangles).   
(D) Purified Khc73’s MBS domain directly interacts Dlg’s GK domain in GST-pulldown 
assays. 
(E) Fixed S2 cells transfected with myc-Khc73FL show its localization to the plus-ends of 
microtubules. 
(F) Live imaging analysis reveals that Khc73FL-mCherry moves to plus-ends and remains 
there.  GFP-EB1 marks microtubule plus-ends. 
(G) Live imaging analysis shows that Khc73 FL -mCherry rapidly moves along 
microtubules to plus-ends with a velocity of ~1.5mm/sec 
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 We first performed a domain deletion analysis and determined that all domains, 
except the CAP-Gly domain (Khc73CAP-Gly), were required for full Pins activity (figure 
12B).  Although the CAP-Gly mutant does not rescue as robustly as the full-length, the 
disparity is not statistically significant.  We next sought to identify the minimal fragment 
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sufficient to restore Pins activity and found that the Khc73’s motor domain (Khc73motor) 
and MBS domain (Khc73MBS) together partially restore Pins activity to Pinslinker levels 
(figure 12C, blue and green triangles).  The partial restoration of Pins activity may be 
exclusively through the Pinslinker pathway, or could also be attenuated PinsTPR+linker 
activity.  To distinguish between the possibilities, we tested whether the N-terminal half 
of Khc73 restores partial Pins activity independently of the PinsTPR pathway by knocking 
down Mud (figure 12C, red triangles), and found that it does, suggesting that the 
Khc73motor and Khc73MBS domains are confined to the Pinslinker pathway.   
 The Khc73motor and Khc73MBS domains are sufficient to restore Pinslinker activity, 
but the mechanism by which these domains position the spindle remains unclear.  The 
simplest explanation for the function of these domains in Pins-mediated spindle 
orientation is a “connector” model, where Khc73 acts as a link between the cortex and 
microtubules through the Khc73MBS -Dlg and Khc73motor -MT interactions.  To test this 
model, we first performed in vitro binding experiments using purified components and 
found that the  Khc73MBS domain directly interacts with Dlg’s GK domain (figure 12D).  
Khc73’s relationship with microtubules has been previously reported (Huckaba et al., 
2011), and we too observed that Khc73 localizes to the ends of microtubules in fixed 
stains and also directly tracks along microtubules at a rate of ~1.5mm/sec (figures 12E-
G).  The functional spindle orientation assay, in vitro binding assay, and 
immunofluorescence data support the idea that Khc73’s N-terminus acts as a direct link 
between the cortex and astral microtubules.  
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The Khc73 COOH-Terminus Contains a 14-3-3 Binding Motif that is Required for 
Spindle Orientation 
 The C-terminal stalk in its entirety (amino acids 830-1913) is required for full 
Pins activity in the spindle orientation assay, however, we could not identify any reported 
domains in this region that are required for Pins activity.  The domain deletion analysis 
revealed that the Khc73CAP-Gly domain is dispensable for full Pins activity, leaving at least 
one other element within the stalk that confers the PinsTPR/Pinslinker synergy.  Though the 
remaining stalk region is generally uncharacterized, there are reports of a conserved 14-3-
3 binding motif at residue 1374.  This motif was initially identified in the mammalian 
Khc73 ortholog, KIF13B, and was found to be required for association with mammalian 
14-3-3β (Yoshimura et al., 2010) (figure 13A).  Furthermore, the 14-3-3 site in KIF13B 
was found to be phosphorylated by Par-1, a kinase implicated in the regulation of 
asymmetric cell division (Gonczy, 2008; Tabler et al., 2010).  Finally, because 14-3-3 
proteins, also known as Par-5, are also known to play a role in regulating cell divisions 
(Benton and St Johnston, 2003; Hao et al., 2010), we hypothesized that the 14-3-3 
binding motif in Khc73’s stalk region plays a role in Pins-mediated spindle positioning.   
 To determine whether the 14-3-3 binding motif in Khc73’s stalk region 
(RKTVSVP) is required for Pins-mediated spindle positioning, we performed a rescue 
spindle orientation assay using a 14-3-3 motif mutant.  We tested a serine-to-alanine 
mutant (RKTVAVP) in the induced spindle orientation assay and found that the 
putatively phosphorylated serine S1374 in the 14-3-3 binding motif (RKTVSVP) is 
required for Pins-mediated spindle positioning.   
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Figure 13.  Khc73 contains a 14-3-3 binding motif that is required for Pins-mediated 
spindle positioning 
 
(A) Khc73 contains a conserved 14-3-3 binding motif in its C-terminal stalk.  The serine 
residue highlighted in red is phosphorylated.  14-3-3 protein interactions ar typically 
phosphoregulated, although 14-3-3 proteins can bind to non-phosphorylated motifs. 
(B) Khc73 containing a serine-to-alanine mutation in its 14-3-3 motif cannot rescue 
endogenous Khc73 knockdown in Pins-mediated spindle positioning (open circles).  
14-3-3ε (black circles), 14-3-3 ζ (blue circles), Par-1 (green circles), and NudE 
(orange circles) are all required for Pins-mediated spindle positioning. 
 
This mutant did not rescue endogenous Khc73 knockdown, and also displayed a bias in 
spindle angles, with enrichment in the closely aligned and very misaligned populations 
(figure 13B, open circles). 
 We have determined that the 14-3-3 binding motif in Khc73’s stalk region is 
required for Pins-mediated spindle positioning, and that its phosphorylation is required 
for Pins activity.  We next tested the role of its putative kinase Par-1 in Pins-mediated 
spindle positioning by performing Par-1 RNAi in Ed:PinsTPR+Linker S2 cells in the induced 
spindle orientation assay.  We found that Par1 is required for Pins TPR+Linker activity, 
reducing the average spindle angle to random, which may be due to pleiotropic effects 
(figure 13B green circles).  Thus, we conclude that both Khc73’s 14-3-3 motif in its stalk 
region and Par-1 are required for full Pins activity.
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NudE is a Required Spindle Orientation Factor that is Trafficked by Khc73 
 We have identified the 14-3-3 binding motif in Khc73’s stalk as a necessary 
component of the PinsTPR+Linker pathway, but have not determined its role in spindle 
positioning.  Mammalian 14-3-3 proteins have several binding partners including Khc73 
ortholog KIF13B (Yoshimura et al., 2010) and NudE, an essential Dynein cofactor 
(Johnson et al., 2010; Kardon and Vale, 2009).  Mammalian 14-3-3 was shown to interact 
with NudE within its unstructured serine/threonine-rich C-terminus; this interaction 
depends on the phosphorylation state of NudE which was found to be phosphorylated by 
AuroraA (Johnson et al., 2010), the kinase that phosphorylates the Pinslinker domain 
(Johnston et al., 2009).  Because both 14-3-3 and NudE are conserved in Drosophila, we 
hypothesized that NudE is also a component of the PinsTPR+Linker pathway and that it is a 
Khc73 cargo. 
 We first determine the localization of NudE in S2 cells and observed that 
although it is diffusely localized throughout the cell, it co-localizes with Khc73FL at the 
ends of microtubules in fixed preps (figure 14A).  TIRF live imaging analysis of NudE in 
S2 cells revealed that NudE is highly dynamic and when co-transfected with Khc73FL-
mCherry, and that a small fraction of GFP-NudE can be seen trafficked by the motor 
protein in S2 cells (figure 14B).  Although it was not possible to visualize NudE being 
unloaded from Khc73 onto cytoplasmic Dynein, it is clear that NudE is not exclusively 
trafficked by Khc73 as NudE and Khc73 are sometimes seen moving in opposite 
directions along the same linear path (figure 14C), suggesting that NudE may be 
trafficked by Dynein moving toward microtubule minus-ends direction.  We conclude 
from our live imaging analysis that NudE is trafficked by Khc73. 
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Figure 14. Khc73 traffics NudE in S2 cells 
 
(A) Fixed pS2 cells transfected with myc-Khc73FL and FLAG-NudE reps show that 
NudE localizes to plus ends of microtubules which is where Khc73 localizes. 
(B) Live imaging analysis of S2 cells transfected with GFP-Nude and Khc73FL-mCherry 
shows co-localization of the two components at the periphery of the cell, presumably 
to microtubule plus-ends.  The two can be seen moving together in S2 cells towards 
the periphery of the cell. 
(C) Live imaging analysis of S2 cells transfected with GFP-Nude and Khc73FL-mCherry 
show that although they can be seen moving together, they are also observed to move 
in opposite directions along the same linear path. 
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 The live-imaging analysis suggests that NudE is a cargo of Khc73, which we 
propose occurs through the small adapter protein 14-3-3.  We tested whether 14-3-3ε, 14-
3-3 ζ, and NudE were required for Pins-mediated spindle positioning in the induced 
spindle orientation assay in S2 cells and found that they are all required for PinsTPR+linker 
activity (figure 13B green circles, blue circles, black circles).  These findings show that 
14-3-3ε, 14-3-3 ζ, and NudE are all essential components of the PinsTPR+linker pathways, 
and also suggest that NudE is trafficked by Khc73 via 14-3-3 proteins. 
 
Khc73/14-3-3/NudE form a Phospho-Dependent Complex that Activates the 
PinsTPR/Mud/Dynein Pathway  
 Through genetic analysis, we have identified several additional components of the 
PinsTPR and Pinslinker pathways that we propose are downstream of Khc73’s stalk region.  
We hypothesize that Khc73’s stalk region bestows the synergy of the PinsTPR and 
Pinslinker domains by trafficking NudE via 14-3-3 proteins, and in this section, we provide 
biochemical evidence to support this idea.  We first tested whether the 14-3-3 binding 
motif in Khc73’s stalk region directly interacts with the fly 14-3-3 proteins, 14-3-3ε and 
14-3-3 ζ, and found that 14-3-3 ζ binds to Khc73’s stalk (amino acids 1336-1447) (figure 
15A).  In addition to directly associating with Khc73’s stalk region, we also observed that 
it localizes to spindle microtubules in S2 cells (figure 15B).  We also tested whether 14-
3-3ε associates with Khc73, and found that it doesn’t interact directly with Khc73’s stalk 
region (data not shown), but that it does interact with NudE from HEK cell lysate (figure 
15C), which is consistent with findings in mammalian systems (Toyo-oka et al., 2003).  
14-3-3 proteins are known to heterodimerize (Aitken et al., 2002; Liang et al., 2008), so 
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we tested whether 14-3-3 ζ directly interacts with 14-3-3ε, and found that they do, 
suggesting that the Khc73/14-3-3 ζ /14-3-3ε/NudE complex occurs through a 14-3-3 ζ 
/14-3-3ε heterodimer (figure 15D). 
 Because the individual binding events suggest that all of these components form a 
complex, we sought to co-immunoprecipitate the proposed Khc73/14-3-3 ζ /14-3-
3ε/NudE complex.  We expressed all of the components as epitope-tagged full-length 
fusions in HEK cells and performed immunoprecipitation experiments. We co-
immunoprecipitated 14-3-3 ζ, 14-3-3ε, and NudE with wild-type Khc73, confirming that 
these components form a complex.  The Immunoprecipitation of the 14-3-3 motif mutant 
Khc73S1374A failed to co-immunoprecipitate any of the co-transfected components beyond 
background levels (figure 15E).  We conclude from our biochemical studies that NudE is 
a cargo of Khc73 through a heterodimeric complex of the 14-3-3 adapter proteins whose 
binding to Khc73 is phosphoregulated by Par-1. 
 
Khc73 and 14-3-3 are Conserved Components of Spindle Positioning Pathways  
 We have expanded the PinsTPR+linker pathway to include several new components 
using a genetic approach in Drosophila S2 cells. Studies in mammalian epithelial tissues 
including mouse epidermis and MDCK cells have identified LGN, the mammalian 
homolog of Pins, as an essential component of the spindle positioning pathway in these 
systems.  Disruption of LGN localization in the progenitor basal cells of the developing 
mouse squamous epithelium of skin results in aberrant stratification and differentiation of 
the this epithelial tissue (Lechler and Fuchs, 2005).   
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Figure 15. Khc73 forms a complex with NudE via 14-3-3 proteins 
 
(A) Purified 14-3-3ζ directly interacts with Khc73’s stalk region containing the 14-3-3 
binding motif (amino acids 1336-1447) in GST-pulldown assays (Khc73 on solid 
phase).  14-3-3ζ appears to be able to bind both wild-type (Khc731336-1447 wt) and 
phospho-mimetic (Khc731336-1447 S1374D) versions of the 14-3-3 motif. 
(B) 14-3-3 ζ can been seen decorating spindle microtubules in mitotic S2 cells 
transfected with HA-14-3-3 ζ. 
(C) 14-3-3ε immobilized on the solid phase can pull-down His-NudE from lystae 
harvested from HEK293 cells transfected with His-NudE.  (The input is very 
overloaded.) 
(D) 14-3-3 ζ directly interacts with 14-3-3ε that is immobilized on the solid phase in 
GST-pulldown assays.  
(E) HEK cells were trasfected with FLAG-NudE, V5-14-3-3 ε, HA-14-3-3 ζ, and either 
myc-Khc73FL wt or myc-Khc73FL S1374A (left and right sets of blots, respectively).  
Khc73 was immunoprecipitated in both cases, then probed for FLAG-NudE, V5-14-
3-3 ε, HA-14-3-3 ζ by immunoblotting for their epitope tags.  Khc73FL wt could co-
immunoprecipitate all components, whereas Khc73FL S1374A could not, indicating that 
complex formation is phosphoregulated. 
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Proper LGN localization is also crucial for the epithelial morphogenesis of another 
mammalian system, the MDCK cell, where disruption of LGN localization disrupts 
proper acinar formation (Zheng et al., 2010).  Because many of the components of the 
Drosophila Pins pathway are conserved across the animal kingdom, we tested whether 
the components of the PinsTPR+Linker pathway identified in this study also play a role in an 
orthologous spindle positioning pathway in MDCK cells. 
 Spindle positioning plays an essential role in the epithelial morphogenesis of 
MDCK cysts, a 3-dimensional structure that relies on the precise positioning of daughter 
cells for proper development.  This system has been used to study mammalian spindle 
positioning pathways because of its clear spindle positioning phenotype, in which defects 
in spindle positioning results in mis-oriented cell divisions result in aberrant, multi-
lumenal MDCK cysts (Xiang and Muthuswamy, 2006).  Furthermore, because this 
system is amenable to RNA intereference it serves as a robust system for the dissection of 
mammalian spindle positioning pathways.  Using the MDCK cystogenesis assay we 
tested whether the mammalian Khc73 homolog, KIF13B, and the mammalian 14-3-3 ζ 
homolog, 14-3-3β were required for proper spindle positioning by inducing their shRNA-
mediated knockdown.  We found that both are required for the proper formation of cysts, 
suggesting that these components are required for spindle positioning pathways in 
MDCK cells (figures 16A and 16B).  Thus, both 14-3-3β and KIF13B are required for 
oriented cell divisions in the mammalian MDCK system, suggesting that this spindle 
positioning pathway is conserved. 
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Figure 16.  The mammalian Khc73 and 14-3-3 ζ homologs, KIF13B and 14-3-3β, 
respectively, are required for spindle positioning in MDCK cells 
 
(A) MDCK cells transfected with the pRNAT vector develop into normal cysts, which 
are typified by a single lumen with apical actin staining (red).  Abnormal cysts can be 
aspherical and have multiple lumens.  GFP reporter marks shRNA expression, and 
tubulin is stained in blue.   
(B) Normal MDCK cysts were quantified from three independent trials of MDCK cysts 
expressing control pRNAT, pRNAT-KIF13BshRNA, and pRNAT-14-3-3β-shRNA.  
An n = 50-60 were collected for each trial of each condition.  Error bars represent 
S.E.M. 
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DISCUSSION 
 
Khc73’s Motor and MBS Domains Facilitate Cortical Microtubule Capture 
 We have shown that Khc73 performs two functions in Pins-mediated spindle 
positioning.  First, it functions in the linker pathway as a static link between the cortex 
and microtubules, through its MBS and motor domains, respectively.  The N-terminal 
portion of Khc73 is sufficient for linker activity, which is likely occurring through a 
DlgGK/Khc73MBS interaction at the cortex and a microtubule/Khc73motor interaction at the 
spindle.  This suggests that Khc73’s motor domain alone at the cortex could suffice for 
spindle positioning activity.  However, Ed:Khc73motor did not have spindle positioning 
activity (data not shown), but this is likely because the motor domain is not functional as 
a C-terminal fusion, as Khc73 constructs bearing an N-terminal mCherry tag are 
immobile in S2 cells (data not shown).  Khc73 must therefore rely on Dlg as a cortical 
target, which is where it can function to facilitate the initial contact of astral microtubules 
with a particular part of the cortex.   
 Although Khc73’s MBS domain directly interacts with Dlg, Khc73 is not seen to 
colocalize with cortical Pins (data not shown), even though Dlg robustly localizes to Pins 
crescents (Johnston et al., 2009).  Instead, the motor protein is seen distinctly at the ends 
of microtubules, suggesting that Khc73 moves to the plus-ends where it becomes poised 
for capture by the cortical Pinslinker/Dlg complex.  This may be due to kinesins’ high 
affinities for microtubules, which would allow for restrictions of their subcellular cargo 
transportation.  If this were the case for Khc73, then the only destination for its cargo 
would be at places proximal to the ends of microtubules, such as the cortex. 
	   66 
 
Khc73 Trafficks NudE to Microtubule Plus-Ends to Activate Cortical Dynein 
 In addition to establishing cortical microtubule capture, Khc73 also activates the 
PinsTPR/Mud/Dynein pathway through its stalk region.  Khc73 contains a 14-3-3 binding 
motif in its C-terminus which serves as a cargo-loading point for NudE, a Dynein 
activator (Kardon and Vale, 2009).  NudE associates with Khc73 through the 14-3-3 
adapter proteins 14-3-3 ζ and 14-3-3ε, which heterodimerize to mediate the attachment of 
NudE to Khc73.  The Khc73/14-3-3 ζ interaction is dependent on Par-1 phosphorylation 
and the NudE/14-3-3ε interaction is also likely kinase-mediated, as this union is known to 
be phosphoregulated by a cyclin-dependent kinase in mammalian systems (Johnson et al., 
2010).  
 Another level of regulation and specificity is built into this cargo-loading system 
through the use of 14-3-3 adapter proteins.  The combinations in which 14-3-3 proteins 
dimerize are increased by the ability of the 14-3-3 proteins to associate in a homo-and 
heterodimeric fashion.  Although flies only have two 14-3-3 proteins, mammals have 
seven, which are known to homo- and heterodimerize to form large combinations of 
dimeric adaptors (Aitken et al., 2002; Liang et al., 2008).  This suggests that Khc73 has 
the capacity to carry other cargoes through different 14-3-3 dimer intermediates, but that 
this particular combination assures the specific transportation of the Dynein activator to 
the cortex. 
 Although it is not possible to observe the localization of Dynein in S2 cells for 
technical reasons, there is good evidence that it is cortically localized by way of 
PinsTPR/Mud.  In Hela cells, Dynein robustly localizes to the mammalian homolog of 
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Mud, NuMA, which becomes cortically enriched, along with LGN (Pins in Drosophila), 
during mitosis (Kiyomitsu and Cheeseman, 2012; Kotak et al., 2012).  Our MDCK 
studies suggest that the spindle orientation pathway of S2 cells is conserved in 
mammalian systems, suggesting that cytoplasmic Dynein is also at Pins crescents in S2 
cells, which is where it can function to orient the mitotic spindle after it is activated by 
Khc73/NudE. 
 
A Detailed Molecular Model for Pins-Mediated Spindle Positioning 
 Pins mediates spindle positioning by coordinating two motor proteins that, as a 
pair, facilitate the cortical capture of microtubules and also provide pulling forces to 
robustly orient the mitotic spindle.  This occurs through an ordered series of events, 
beginning with the initial polarization of Pins, which recruits Mud through its PinsTPR 
domain and Dlg through Pinslinker region.  Cortical Mud then recruits cytoplasmic Dynein, 
which is not yet active and will remain inert, but poised at the cortex.  Khc73 localizes to 
the plus-ends of microtubules where establishes cortical-microtubule contact through 
direct binding to Dlg, and also delivers NudE to cortical Dynein, activating it.  As the 
microtubules become within proximity of the Dynein complex precisely as it is activated, 
Dynein can generate specifically timed the cortical pulling forces necessary for robust 
spindle positioning (figure 17).  As many of these interactions are phosphoregulated by 
cell-cycle regulated kinases, the precise timing of these events is ensured to produce a 
successful oriented cell division. 
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Figure 17. Detailed molecular mechanism and model of Pins-mediated spindle 
positioning in S2 cells 
 
Khc73 mediates the cortical-capture of microtubules, which brings them within proximity 
to the PinsTPR pathway.  Dynein is now properly positioned relative to microtubules to 
generate cortical pulling forces.  Dynein is activated by NudE, which is trafficked by 
Khc73, and moves toward microtubule minus-ends to generate the necessary cortical 
pulling forces required for robust spindle orientation.  Pinslinker pathway components are 
depicted in green, and PinsTPR pathway components are depicted in yellow.  NudE was 
depicted to associate with the ATPase region of cytoplasmic Dynein for clarity. 
 
BRIDGE TO CHAPTER IV 
 In the preceding chapter I described the molecular mechanisms behind Pins-
mediated spindle positioning, highlighting the importance of the coordination of two 
opposite-polarity microtubule motor proteins.  In the next chapter, I summarize my 
findings detailed in this dissertation and discuss how they increase our understanding of 
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the molecular mechanisms of how signaling systems translate cellular information into 
meaningful biological activities.  I also discuss potential avenues of investigation for the 
questions raised by these results. 
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CHAPTER IV 
SUMMARY AND FUTURE CONSIDERATIONS 
 
SUMMARY 
 Signaling systems control the flow of cellular information to regulate several 
biological activities that must be precisely organized in space and time for the proper 
development, function, and maintenance of a cell.  Signaling molecules process cellular 
information by translating environmental input signals into meaningful biological 
functions.  Signaling systems have evolved to exhibit a range of behaviors, from simple 
linear input-output relationships, to complex ultrasensitive behaviors, on molecular and 
cellular levels alike.  A central theme to these levels of natural complexity is the 
modularity of biological components, which has been the focus of my thesis work. 
 The first part of my thesis work focused on the design and construction of an 
ultrasensitive synthetic molecule using modular protein interactions.  Utilizing only 
binary protein-protein interactions, I created a synthetic autoinhibited protein whose 
behavior could be modified by altering the composition of its modular domain 
architecture.  This work was a proof of principle of the decoy-based ultrasensitivity 
mechanism proposed by Smith and Prehoda (Smith and Prehoda, 2011), and proved to be 
a robust mechanism for the generation of complex ultrasensitive behaviors in synthetic 
proteins.  Furthermore, the modularity of the components allowed for the systematic 
tuning of the synthetic protein’s behavior to produce desired input-output relationship 
properties.  The synthetic systems were then integrated into the natural context of mitotic 
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spindle positioning, where their spindle positioning activity was dependent on their tuned 
behaviors. 
 
 My second body of work focused on understanding the molecular mechanisms of 
spindle orientation using more traditional biological techniques.  I described the 
importance of modular protein architecture in the critical spindle orientation regulator 
Pins, and an indispensable plus-end directed microtubule motor Khc73.  Pins relies on its 
tripartite domain structure to mediate the coordination of two separate, but coupled 
pathways that function to orient the mitotic spindle through the concerted actions of two 
opposite-polarity microtubule motor proteins Dynein and Khc73.  Khc73, like Pins, also 
owes its spindle-orienting function to its complex domain architecture.  Khc73 utilizes its 
two N-terminal domains, the motor domain and MBS domain, to facilitate cortical 
microtubule capture, and a C-terminal 14-3-3 binding motif for the activation of Dynein.  
These two constituents of the Drosophila spindle positioning pathway use their modular 
architectures to temporally and spatially regulate spindle orientation. 
 
FUTURE CONSIDERATIONS 
 The successful implementation of the synthetic regulatory proteins described in 
Chapter II into a natural signaling network has opened the doors for several exciting 
synthetic biology opportunities.  The synthetic system fused to Echinoid protein allowed 
for the spatial control and input threshold variation for spindle orientation activity, but 
does not allow for the temporal control, as this system relies on the constitutive 
expression of proteins in the S2 cell.  Temporal regulation could be added to this system 
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with the use of cell-cycle dependent phosphorylation events.  Cell-cycle dependent 
phosphorylated motifs often serve as “docking sites” for a variety of proteins that contain 
motif recognition domains (Bhaduri and Pryciak, 2011).  Because of the modular nature 
of these motifs and docking domains, which have already been well-characterized and 
therefore deposited into the inventory of standardized biological components, we could 
easily integrate these components to the modular synthetic protein switch, thereby adding 
another level of regulation into the synthetic signaling system. 
 In Chapter III I discuss the mechanism by which Khc73 positions the mitotic 
spindle in Pins-mediated spindle orientation.  Though I identified that its motor, MBS 
domains, and 14-3-3 binding motif function in the cortical-microtubule capture by Pins 
and Dynein activation, there are other domains in the motor protein that may play a role 
in spindle positioning.  Khc73 contains at least two predicted EB-1 binding motifs in its 
C-terminal stalk region, which I hypothesize play a role in Khc73 motility to the plus-
ends of microtubules.  The live imaging analysis of Khc73:mCherry and GFP:EB1 shows 
that the motor protein rapidly moves to plus ends where it suddenly stops and remains.  
Could the EB1 motifs in Khc73’s C-terminus act as some kind of molecular “brake” to 
slow the motor protein to a stop through an EB1 interaction?  This idea could easily be 
tested by observing the motility of Khc73 mutants. 
 
CONCLUDING REMARKS 
 My thesis research describes the importance of the modularity of biological 
signaling molecules.  Complex cellular activities such as spindle positioning in animals 
rely on the modular architectures of the molecular backbones that orchestrate the precise 
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spatial and temporal organization of the mitotic spindle apparatus.  The modularity of 
biological components affords the evolution of complexity through the simple shuffling 
of domains and motifs through genetic recombination events.  This robust design 
principle has also allowed for the construction of synthetic systems that deepen our 
understanding of biological complexity.   
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APPENDIX 
SUPPLEMENTAL INFORMATION FOR CHAPTER II 
 
Supporting Information for the Analytical Modeling Described in Chapter II 
Modeling of zero-, one-, and three-decoy systems 
Zero-decoy system: 
Notation 
Objects: 
A Activator  
R Decoy-containing auto-inhibited synthetic construct 
P Readout peptide 
Terms: 
KdP Equilibrium constant for free peptide-repressed PDZ ligand site. Measured in 
isolation (this study) 
KdAS Equilibrium constant for Activator-activation site. Measured in isolation (this 
study and 22, 23) 
c Cooperativity effect. 
 
Obtain activation curves by plotting total activator concentration against fraction bound: 
	   75 
fbAS fraction R bound to A at activation site 
fbPo fraction R bound to readout peptide in absence of A 
fbP fraction R bound to readout peptide 
 
 
 
 
 
One-decoy system: 
Notation 
Objects: 
A Activator  
R Decoy-containing auto-inhibited synthetic construct 
P Readout peptide 
Terms: 
KdAD Equilibrium constant for Activator-Decoy site. Measured in isolation (22-24). 
KdP Equilibrium constant for free peptide-repressed PDZ ligand site. Measured in 
isolation (this study). 
€ 
fbAS = 1− fbPo( )
A[ ]
KdAS + A[ ]
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ +
fbPo A[ ]
A[ ] + Kd ASc
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ 
fbPo =
1
2 R[ ]tot
⎛ 
⎝ 
⎜ ⎜ 
⎞ 
⎠ 
⎟ ⎟ KdP + R[ ]tot + P[ ]tot − −KdP − P[ ]tot − R[ ]tot( )
2
− 4 P[ ]tot R[ ]tot
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ 
fbP = 1− fbAS( )
P[ ]tot
P[ ]tot + KdP
⎛ 
⎝ 
⎜ ⎜ 
⎞ 
⎠ 
⎟ ⎟ + fbAS
P[ ]tot
P[ ]tot +
Kd P
c
⎛ 
⎝ 
⎜ ⎜ 
⎞ 
⎠ 
⎟ ⎟ 
A[ ]tot = A[ ] + R[ ]tot fbAS(1− fbP) + fbASfbP( )
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KdAS Equilibrium constant for Activator-activation site. Measured in isolation (this 
study and 22, 23) 
c Cooperativity effect. 
 
Obtain activation curves by plotting total activator concentration against fraction bound: 
fbAS fraction R bound to A at activation site 
fbAD fraction R bound to A at decoy site 
fbPo fraction R bound to readout peptide in absence of A 
fbP fraction R bound to readout peptide 
 
 
 
 
 
 
 
Three-decoy system: 
Objects: € 
fbAS = 1− fbPo( )
A[ ]
KdAS + A[ ]
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ +
fbPo A[ ]
A[ ] + Kd ASc
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ 
fbAD =
A[ ]
KdAD + A[ ]
fbPo =
1
2 R[ ]tot
⎛ 
⎝ 
⎜ ⎜ 
⎞ 
⎠ 
⎟ ⎟ KdP + R[ ]tot + P[ ]tot − −KdP − P[ ]tot − R[ ]tot( )
2
− 4 P[ ]tot R[ ]tot
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ 
fbP = 1− fbAS( )
P[ ]tot
P[ ]tot + KdP
⎛ 
⎝ 
⎜ ⎜ 
⎞ 
⎠ 
⎟ ⎟ + fbAS
P[ ]tot
P[ ]tot +
Kd P
c
⎛ 
⎝ 
⎜ ⎜ 
⎞ 
⎠ 
⎟ ⎟ 
A[ ]tot = A[ ] + R[ ]tot
fbAD(1− fbAS)(1− fbP) + (1− fbAD) fbAS(1− fbP)
+2 fbADfbAS(1− fbP) + fbAD(1− fbAS) fbP
+(1− fbAD)( fbAS)( fbP) + 2 fbADfbASfbP
⎛ 
⎝ 
⎜ 
⎜ ⎜ 
⎞ 
⎠ 
⎟ 
⎟ ⎟ 
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A Activator  
R Decoy-containing auto-inhibited synthetic construct 
P Free peptide 
Terms: 
KdAD1 Equilibrium constant for Activator-Decoy site 1. Measured in isolation (22-24). 
KdAD2 Equilibrium constant for Activator-Decoy site 2. Measured in isolation (22-24). 
KdAD3 Equilibrium constant for Activator-Decoy site 3. Measured in isolation (22-24). 
KdP Equilibrium constant for free peptide-repressed PDZ ligand site. Measured in 
isolation (this study). 
KdAS Equilibrium constant for Activator-activation site.  
c Cooperativity effect. 
 
Obtain activation curves by plotting total activator concentration against fraction bound: 
fbAS fraction R bound to A at activation site 
fbAD1 fraction R bound to A at decoy site 1 
fbAD2 fraction R bound to A at decoy site 2 
fbAD3 fraction R bound to A at decoy site 3 
fbPo fraction R bound to readout peptide in absence of A 
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fbP fraction R bound to readout peptide 
€ 
fbAS = 1− fbPo( )
A[ ]
KdAS + A[ ]
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ +
fbPo A[ ]
A[ ] + Kd ASc
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ 
fbAD1 =
A[ ]
KdAD1 + A[ ]
fbAD2 =
A[ ]
KdAD2 + A[ ]
fbAD2 =
A[ ]
KdAD2 + A[ ]
fbPo =
1
2 R[ ]tot
⎛ 
⎝ 
⎜ ⎜ 
⎞ 
⎠ 
⎟ ⎟ KdP + R[ ]tot + P[ ]tot − −KdP − P[ ]tot − R[ ]tot( )
2
− 4 P[ ]tot R[ ]tot
⎛ 
⎝ 
⎜ 
⎞ 
⎠ 
⎟ 
fbP = 1− fbAS( )
P[ ]tot
P[ ]tot + KdP
⎛ 
⎝ 
⎜ ⎜ 
⎞ 
⎠ 
⎟ ⎟ + fbAS
P[ ]tot
P[ ]tot +
Kd P
c
⎛ 
⎝ 
⎜ ⎜ 
⎞ 
⎠ 
⎟ ⎟ 
A[ ]tot = A[ ] + R[ ]tot
( fbAD1)(1− fbAD2)(1− fbAD3)(1− fbAS)(1− fbP) + (1− fbAD1)( fbAD2)(1− fbAD3)(1− fbAS)(1− fbP)
+(1− fbAD1)(1− fbAD2)( fbAD3)(1− fbAS)(1− fbP) + (1− fbAD1)(1− fbAD2)(1− fbAD3)( fbAS)(1− fbP)
+2( fbAD1)( fbAD2)(1− fbAD3)(1− fbAS)(1− fbP) + 2( fbAD1)(1− fbAD2)( fbAD3)(1− fbAS)(1− fbP)
+( fbAD1)(1− fbAD2)(1− fbAD3)( fbAS)(1− fbP) + ( fbAD1)(1− fbAD2)(1− fbAD3)(1− fbAS)( fbP)
2(1− fbAD1)( fbAD2)( fbAD3)(1− fbAS)(1− fbP) + (1− fbAD1)( fbAD2)(1− fbAD3)( fbAS)(1− fbP)
+(1− fbAD1)( fbAD2)(1− fbAD3)(1− fbAS)( fbP) + (1− fbAD1)(1− fbAD2)( fbAD3)( fbAS)(1− fbP)
+(1− fbAD1)(1− fbAD2)( fbAD3)(1− fbAS)( fbP) + (1− fbAD1)(1− fbAD2)(1− fbAD3)( fbAS)( fbP)
+3( fbAD1)( fbAD2)( fbAD3)(1− fbAS)(1− fbP) + 2( fbAD1)( fbAD2)(1− fbAD3)( fbAS)(1− fbP)
+2( fbAD1)( fbAD2)(1− fbAD3)(1− fbAS)( fbP) + 2( fbAD1)(1− fbAD2)( fbAD3)( fbAS)(1− fbP)
+2( fbAD1)(1− fbAD2)( fbAD3)(1− fbAS)( fbP) + ( fbAD1)(1− fbAD2)(1− fbAD3)( fbAS)( fbP)
+2(1− fbAD1)( fbAD2)( fbAD3)( fbAS)(1− fbP) + 2(1− fbAD1)( fbAD2)( fbAD3)(1− fbAS)( fbP)
+(1− fbAD1)( fbAD2)(1− fbAD3)( fbAS)( fbP) + (1− fbAD1)(1− fbAD2)( fbAD3)( fbAS)( fbP)
+3( fbAD1)( fbAD2)( fbAD3)( fbAS)(1− fbP) + 3( fbAD1)( fbAD2)( fbAD3)(1− fbAS)( fbP)
+2( fbAD1)(1− fbAD2)( fbAD3)( fbAS)( fbP) + 2( fbAD1)( fbAD2)(1− fbAD3)( fbAS)( fbP)
+2(1− fbAD1)( fbAD2)( fbAD3)( fbAS)( fbP) + 3( fbAD1)( fbAD2)( fbAD3)( fbAS)( fbP)
⎛ 
⎝ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎞ 
⎠ 
⎟ 
⎟ 
⎟ 
⎟ 
⎟ 
⎟ 
⎟ 
⎟ 
⎟ 
⎟ 
⎟ 
⎟ 
⎟ 
⎟ 
⎟ 
⎟ 
⎟ 
⎟ 
⎟ 
⎟ 
⎟ 
⎟ 
⎟ 
⎟ 
⎟ 
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